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A CALORIMETRIC DETERMINATION OF THERMAL PROP-
ERTIES OF SATURATED WATER AND STEAM FROM
0° TO 270° C.

By N. S. Osborne, H. F. Stimson, and E. F. Fiock

ABSTRACT

A description is given of the method, apparatus, measurements, results,
and formulations involved in the work on steam which has been completed
to date at the National Bureau of Standards.
The method has been developed in accordance with the principles set forth

in a rigorous analysis of the thermodynamic processes involved in a change in
state of a saturated fluid.

The apparatus has been designed and built to provide a means for accurately
controlling, observing, and accounting for the amount, the change in state,
and the change in energy of a sample of water.
The observations have been carried out as a systematic series of experiments

in the range from 0° to 270° C. (to 55 atmospheres pressure), yielding as a result
the values of three characteristic thermal properties of the saturated fluid.

The formulation of the results establishes the values of heat content, latent
heat, and entropy and constitutes an exhibit of the thermal behavior of saturated
steam in the region covered by the experiments.
The results are assembled in a coherent, consistent table of the properties

of steam, available as a foundation for a more complete steam table.

It is found that when reduced to a uniform basis, after critical study and
analysis, most of the source data on saturated steam are in satisfactory accord.
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I. INTRODUCTION

The measurements here described were undertaken to meet a need
for more data to be used as the basis for a steam table suited to

present and prospective demands of steam-power engineering. The
work was initiated as a result of the conference * of engineers and
physicists which was held in Cambridge, Mass., on June 23, 1921.

The program of experimental work undertaken by the Bureau of

Standards was a part of a greater project which has been sponsored
and largely supported by the American Society of Mechanical Engi-
neers. Harvard University and Massachusetts Institute of Tech-
nology have cooperated in this project by undertaking definite

programs of investigation.

The importance of international accord as to the basis of steam-
power calculations has been recognized here and abroad. This has
resulted in the international cooperation of engineers and investigators

in the correlation of their work, with the object of ultimately develop-
ing a universally acceptable steam table.

In the program of securing new data for the revision and extension
of the steam table the part which was undertaken by the Bureau of

Standards is concerned with the energy changes which occur in the

fluid, water, when a mixture of the liquid and vapor phases is sub-
jected to changes of state. The thermal properties which charac-
terize these changes may be determined by calorimetric measurements
made upon samples of the fluid under its own vapor pressure, or, in

other words, at the saturation limit. In the present work a system-
atic series of such calorimetric measurements has been carried out.

A group of thermal properties has been determined which constitutes

a calorimetric survey of the behavior of steam in the saturation region

extending from 0° to 270° C. The theory of the experimental
method employed and the analysis of the physical processes have
been given in two publications, 2 of which the latter gives the more
general and complete theoretical treatment. Brief descriptions show-
ing the development of the design and construction of the equipment,
the progress of the experimental work, and the tentative results ob-
tained, have appeared from time to time as progress reports. 3 Because
of the tentative nature of the results previously published, the work
has been described only briefly. In this report of the measurements
completed to date, a more complete account will be given of the
design, construction, and use of the apparatus and of the reduction
and formulation of the results.

i Mech. Eng., 43, p. 557; August, 1921.
2 J. Opt. Soc. Am. ct Rev. Sci. Inst., 8, No. 4, p. 519; 1924; B. S. Jour. Research, 4, No. 5, p. 009; 1930.
1 Mech. Eng., 45, No. 3, p. 108; 1923; 4«, No. 2, pp. 81, 83; 1924; 46, No. 11a, p. 808; 1924; 47, No. 2, p. 106;

1925; 48, No. 2, p. J52; 1920; 49, No. 2, p. 102; 1927; 50, No. 2, p. 152; 1928; 51, No. 2, p. 125; 1929; 52, No. 2,

p. 127; 1930.
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CALORIMETER HEATER.
SILVER SHEATHED RESISTOR PARTS OF CALORIMETER PUMP CASING
WITH GAUZE WRAPPING FORMED OF PURE SILVER

Figure 3.

—

Parts of pump casing and calorimeter heater
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Recently a study 4 has been made of published source data from
previous calorimetric work on water aud steam in the saturation
state. It is therefore unnecessary to include in this paper any of
the details of that study, but the revised values and the appraisals
there made serve as the basis for their comparison with the results of

this present group of measurements. These results have been for-

mulated into an exhibit of the calorimetric behavior of water as satu-
rated liquid and vapor with which other groups of source data may
be correlated. This formulation, starting with liquid water under its

owq vapor pressure at 0° C, extends up to 270° C, and for this range
constitutes a consistent, coherent table of observed thermal proper-
ties of saturated steam, and may be regarded as an available founda-
tion for a more extensive formulation of the properties of steam.

II. GENERAL DESCRIPTION OF METHOD AND APPARATUS

Before attempting to describe any of the details of design, construc-
tion, and operation of the apparatus, which, it must be admitted, is

somewhat complicated, the general scheme will be outlined. A
general photographic view of the equipment as assembled in the
laboratory for operation is shown in Figure 1.

1. METHOD

The method makes use of a single calorimetric equipment by means
of which measurements are made to determine several of the impor-
tant thermal properties of the fluid. A sample of the fluid in a closed

container at some chosen saturation state is heated electrically to some
other chosen saturation state, or else is withdrawn either as saturated
liquid or as saturated vapor. The energy required for each of these

three processes is added and measured electrically. The amount of

energy added per unit mass is characteristic of the particular experi-

mental process observed. The group of measurements yields essen-

tially the heat content or enthalpy, together with several other im-
portant properties, and establishes the thermal behavior of the fluid

in the region covered by the survey.

2. APPARATUS

The apparatus consists essentially of a calorimeter which provides a

place where a sample of water may be so isolated from other bodies

as to enable its amount, state, and energy to be accounted for. The
sample may be made to pass through a chosen, accurately determined
change of state, while the accompanying gain or loss of energy is

likewise accurately determined. The design of the apparatus pro-

vides for several such experimental processes selected for their physi-

cal simplicity and for their fitness to exhibit the thermal behavior of

I the fluid. The arrangement of the apparatus is shown in Figure 2.

A quantity of water, part liquid and part vapor, is inclosed in a

metal calorimeter shell. The water is circulated rapidly about the

interior in such a manner as to distribute heat and promote close

j

1 approximation to thermal equilibrium. An electric heater contin-

ually bathed with flowing water provides a means of adding measured

4 B. S. Jour. Research, 5 (RP210), p. 481; 1930,
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energy which is speedily distributed throughout the calorimeter
system. Outlets with valves provide for the introduction or with-
drawal either of liquid or of vapor. Detachable receivers suitable for

weighing are connected to the outlets to hold the samples of water
transferred.

For confining the energy, the calorimeter is well insulated from the
influence of external sources of heat and cold. In operation the
temperature of an enveloping shell is kept very close to that of the
calorimeter shell itself. The heat which passes by leakage to or from
the calorimeter system is accounted for as a small correction which
is determined. The energy consumed in circulation and added to the
S3rstem as heat is another small correction which is determined.

Means are provid-
ed for observing the
following quantities:

(a) Temperature of

the calorimeter and
contents; (b) vapor
pressure in the calo-

rimeter; (c) mass of

fluid contents of the
calorimeter; and (d)

energy added to the
system, including
electric energy con-
verted to heat and
the small corrections

for thermal leakage
and circulation.

The apparatus is

designed to permit
three special types of

measurements to be
made. In the ideal

case of perfect manip-
ulation and control of

experimental condi-
tions these would con-

sist essentially of ob-
servations of the fol-

lowing processes : (a)

Heating with fixed

amount of contents
(heat-capacity deter-

minations); (b) isothermal expansion by adding heat, evaporating
liquid, and removing saturated vapor (latent-heat experiments) ; and
(c) isothermal expansion by adding heat, evaporating liquid, and
removing saturated liquid.

3. RESUME OF THEORY OF METHOD

By using the results of the published theory 6 the measured quanti-

ties may be expressed algebraically in terms of familiar thermal
properties. The experimental determinations of heat capacity of a

Figure 2. -Diagrammatic scheme of calorimeter

equipment

C, calorimeter shell.

E, envelope shell.

I, water-circulating pump.
H, calorimeter heater.
WL, water line.

VL, vapor line.

WR, water receiver.
OIL, oil bath.

TV, throttle valve for steam
V, valves.
U, unions.
VAC, vacuum line.

PC, pressure capsule.
PG, pressure gauge.
LA, liquid air trap.

« B. S. Jour. Research, 4, No. 5, p. 609; 1930.
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sample of water give as a result the increase in the quantity II— L ,_

over the observed range of temperature, in which // and L denote,
respectively, in energy units, the heat content of saturated liquid and
heat of vaporization per unit mass, and u and u' denote specific

volume of saturated liquid and vapor, respectively.

In the latent-heat experiments we measure the energy which is

added when water is evaporated and withdrawn as saturated vapor at
constant temperature. This amount of energy per unit mass is equal

to L-\-L —,——
• The ratio -7 is the fraction of a unit massu —u u — u

evaporated but remaining within the calorimeter when unit mass is

withdrawn.

The quantity L ,_ is complementary both to the determina-

tions of heat capacity and to the determinations involving vapor
withdrawal when the values of II and L are desired. This quantity
is measured conveniently at any desired temperature by observing
in supplementary calorimetric experiments of the third type the
energy required to produce the necessary evaporation when a certain

quantity of saturated liquid is withdrawn.
Thus, the three different types of experiment yield values of three

quantities referred to certain temperatures. These quantities,

1L 11 IIH—L-, >L +L——->and.L —
> are denoted by the symbols,

u —u u —u u—u J J

a, 7, and /?. From these are derived finally the values of heat con-

tent of saturated liquid, H, heat content of saturated vapor, H'',

and heat of vaporization, L. In addition to these three energy
quantities, characteristic of the fluid, there also may be derived from
the calorimetric data the entropies of the saturated liquid and vapor;

and by use of vapor-pressure data, obtained from other sources,

specific volume and internal energy may be calculated.

The properties of water at the saturation limit which may be
derived from the calorimetric data and the formulas by which these

derivations are made are as follows:

H' = a+ y.

L-y-13

CadOH Cda.

*' = *+§

in which the following notation is used

:

#=Heat content per unit mass of saturated liquid (e + xu),

referred to an arbitrary zero.

ZJ' = heat content per unit mass of saturated vapor, referred to the

same zero as H.
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Z = heat of vaporization per unit mass (H' — H).

u = specific volume of saturated liquid.

u' = specific volume of saturated vapor.

measured quantities.

a-=H- L
u

u f - u

fi-
=L- u

u u

1~~=L- u'

u u

6 = temperature in centigrade absolute.

e = internal energy per unit mass.

7r = vapor pressure at saturation limit.

$ = entropy per unit mass of saturated liquid, referred to an arbi-

trary zero.

<£' = entropy per unit mass of saturated vapor, referred to the same
zero as <3>.

III. DESCRIPTION OF CALORIMETER

The term " calorimeter " will be used here to denote that portion
of the apparatus where the observed thermal process occurs. It is

the part from which external influences are so isolated that the ex-

perimental processes may be accurately controlled and observed.
The calorimeter is thus the relatively small part of the apparatus
within which we may account accurately for energy added, amount
and state of matter, and work done. It forms the nucleus around
which the whole experimental equipment is developed.
The calorimeter was designed so that each of the three thermal

processes previously mentioned could be separately observed. From
these observations the corresponding group of thermal properties of

water can be derived. Several general principles have aided in de-
veloping the design. These precepts may be enumerated as follows:

(a) A preliminary analytical study throws important light upon the
applications of the thermal processes leading most directly to the
desired results.

(b) Simplification of the experimental processes by refinement in

the details of equipment and manipulation makes departures from the
ideal experiment small or negligible, and thus promotes reliability.

(c) Advance consideration of the relative importance of individual
refinements is more to be desired than makeshifts to account for and
eliminate inconsistency of results.

(d) The apparatus should be moderately proportioned so as to

promote accuracy and facilitate construction, assembly, and operation.

(e) The best available materials and workmanship are most econom-
ical in the end.

(/) Proof tests of materials, particular features of design, and of

partly assembled portions of the whole reduce hazards to the com-
pletion of the work.
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Calorimeter pump and shell
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WlTHWRVMj*
ASUSEDJH

ASSEMBLED
CALORIMETER SHELL

CALORIMETER WRENCHES

Figure 5.

—

Wrenches and manner of assembling shells
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These principles may appear so obvious as to need no mention,
but they suggest ideals to be sought and are recalled at this point to
indicate a background against which closer details may be viewed in
proper perspective.

1. CALORIMETER SHELL

The purpose of the calorimeter shell shown at C in Figure 11 is to
provide a receptacle or reservoir for the sample of water under ob-
servation. This shell is cylindrical in shape, having spherical ends,
and is made of an alloy of 80 per cent copper and 20 per cent nickel.
It contains, in addition to the water, the parts which serve as operat-
ing organs. These consist of a circulating pump, electric heater, etc.,

and will be described presently. To provide for installation of these
parts, the shell is made with a joint normal to its axis. The two main
portions of the shell were shaped by cold drawing. Each is accurately
machined, one with a right-hand and the other with a left-hand
thread at the joint. The parts are brought together by a Monel-
metal band threaded correspondingly. The joint is made tight by
the pressure which a tongue on one portion exerts on a gold-wire
gasket lying in a groove in the other portion. To assemble this

joint three special powerful wrenches, shown in Figure 5, were
provided. Two of these are clamped about the smooth cylindrical

surfaces, while the third wrench engages a series of rectangular
notches in the Monel band. The two clamps are yoked together at

the outer end, and a threaded draw bar provides the driving force in

the final closure of the joint. In this operation sufficient initial stress

must be developed in the band to insure a perfect seal against the
vapor pressure of the water at any subsequent operating- tempera-
ture. The amount of force with which the shell is drawn together

was determined by making actual proof tests with saturated steam
at a higher temperature than the experiments are intended to reach.

As expected, these proof tests showed that the joint acted as a safety

valve which would open at a rather definite steam pressure and close

again after the pressure was moderately relieved.

The interior of the shell is heavily plated with silver, burnished

after each successive plating. This is for the purpose of avoiding

contact of the water with the base metal of the shell, silver being

more resistant to hot water than the copper-nickel alloy. The
exterior is likewise silver plated to give it a bright surface.

The various plugs and fittings which serve as ducts for tubular

connections with the outside and for electric power connections are

made of alloys of silver and sealed with gold gaskets in tongue-and-

groove joints.

2. CIRCULATING PUMP

The purpose of the circulating pump is twofold. It maintains a

rapid circulation of the liquid about the walls of the calorimeter shell

for distributing heat and thus promotes thermal equilibrium. It

provides at the same time a source of liquid at the top of the calo-

rimeter for keeping the heater surface bathed with water spread out

in a thin, flowing stream.
Vigorous circulation lessens the time required to equalize the tem-

perature of calorimeter and contents and permits observations of

steady initial and final temperatures to be made promptly.
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Another advantage of the rapid distribution of heat is that during
the time when heat is being added electrically, temperature gradients

on the calorimeter surface are kept small. The mean temperature
of the surface may be obtained with reference to the opposed enve-

lope surface by means of distributed thermoelements for accurate

evaluation of the thermal leakage.

The method of bathing the heater by a continuous thin flowing

layer of liquid brings the evaporating surface close to the energy
source, and thereby accomplishes quiet evaporation, producing dry
saturated vapor with very little distrubance of temperature in the

entire system. This feature will be discussed later.

The construction of the pump is indicated in Figures 3 and 11.

It is of the centrifugal type, specially designed for the requirements
of this particular case. The pump circulates about 6 liters of water
per minute, the equivalent of the entire contents passing around
every 5 seconds. The flow circuit divides at the top, the larger

part following the wall of the shell and the rest flowing through a

port, down over the heater, and thence down to the inside storage

space. To circulate the two streams, one of large flow and low head
and the other of small flow and greater head, the pump wheel or

impeller is made in two parts, rotating together and delivering into

the same casing. As a result of tests of the characteristics and effi-

ciencies of a series of model pumps, this final design combining two
stages in parallel, each of different characteristics, was developed and
was found to give satisfactory heat-distributing capacity with a

tolerably small power input.

The energy consumed in the pump is dissipated as heat added to

the calorimeter system and is objectionable if its amount is indeter-

minate or too great. Too large a pump energy input would interfere

with the accurate observation of the initial and final temperatures.

Too much fortuitous variation in the pump energy would impair the

accuracy of accounting for energy from this source.

The normal speed of the pump wheel is 900 r. p. m. This speed
was changed in certain experiments as found desirable. The method
of speed control will be indicated later. The power input is deter-

mined calorimetrically and varies from 0.05 to 0.10 watt, depending
on controlled conditions. The flow in the inner circuit over the

evaporator and through the stage which maintains the head for

keeping the main flow channel full is about 1 liter per minute. The
flow in the main channel is about 5 liters per minute. The efficiency

in pumping the water from intake to discharge at the top of the calo-

rimeter was found to be about 28 per cent. The construction of a
pump of this size and character designed to operate continuously in

water up to 300° C, with no other lubrication of the running parts

than that furnished by the water, built of materials which would be
unaffected by the action of the water, involved some interesting

problems.
The impeller runs on ball bearings of iridium alloy. The balls

are about 1.2 mm in diameter, 10 balls in the lower and 7 in the

upper bearing. The main part of the runner is built up of silver-

palladium alloy. The shroud and clearance ring of the upper stage

are made of one piece of silver-gold alloy riveted to the runner.

The vanes are machined to stream-line curves. The lower stage has
neither shroud nor clearance ring.
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The five parts of the pump casing and flow channels are formed of
pure silver. These parts go together with well-fitting slip joints fas-

tened, where necessary, with pins. The entire pump, discharge tube,
and flow-channel casing form a unit which, when assembled, is borne
rigidly within the calorimeter shell on three supports of stream-line
form, machined from a solid piece of silver-gold alloy, which fits the
central opening at the bottom of the shell.

The pump runner is driven by a square on the lower end of the
main runner shaft which engages the square in the upper end of the
tubular propeller shaft of silver-palladium alloy. This propeller shaft
extends down through the lower tubular support of the shell and on
down to the stuffing box where it engages the stuffing-box shaft of

hardened tool steel with another square joint.

3. STUFFING BOX

The stuffing box, built to provide for the rotation of the drive shaft
for the calorimeter pump without permitting leak of water by it, is

shown at WSB in Figure 11. A cylindrical recess 5 mm in diameter
and 12 mm deep in the Monel body was fitted closely with two small
ring-shaped packing retainers. The one which goes above the packing
is of silver-palladium alloy and the one below of phosphor bronze.
These retainers fit the 1-mm hardened-steel drive shaft within 0.01 or

0.02 mm on the diameter, so that very little space is left through
which the packing can flow. The packing consists of soft kid-leather

washers impregnated with paraffin. Pressure is transmitted to the
packing in the recess by means of an appropriate number of cupped
washers of spring steel. These are compressed to the desired degree
by means of a gland threaded into the body of the stuffing box. In
order that there shall be no leak it is necessary that the hydrostatic
pressure in the packing be greater than the vapor pressure in the calo-

rimeter. To prevent undue wear on the pump shaft the number
of spring washers, the method of combining them, and the amount of

deformation imparted to them are adjusted to meet the needs of the

experimental conditions. To avoid the difficulties of finding a packing
which would be satisfactory at high temperatures, the stuffing box is

placed outside the lagging and water cooled. The size of the pump
shaft where it engages the packing was reduced to 1 mm to cut down
the wear. Below the packing the shaft is larger, and is provided with
a ball bearing to take the downward thrust. The race for this bearing

is attached to the outside of the body of the stuffing box by a threaded

joint and can be removed readily for examination of the packing.

A brass collar prevents undue upward motion of the shaft. Power
for driving the pump is supplied from below, as will be more fully

described later, and transmitted to the pump shaft by a hollow drive

shaft having squared slip joints to provide easy assembly yet positive

drive.
4. ELECTRIC HEATER

The electric heater furnishes the means by which the major portion

of the measured energy is added to the calorimeter system. So far

as the heat-capacity experiments of the first type are concerned, no
extraordinary restrictions as to characteristics of this part are neces-

sary, as the exact path by which the change from an initial to a final

temperature occurs is of no importance if the energy account is faith-

118793°—30 14
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fully kept. In the case of evaporation experiments, and particularly
those of the second type, much may depend on the way in which the
energy is supplied and utilized in the evaporation process. The ques-
tion as to the actual state of steam used in latent-heat measurements
is the moot point which has frequently been raised as affecting the
dependability of published values. If the energy could be supplied
exactly at the surface where it is required for evaporation, none of it

would go to superheating either the liquid or the vapor. Evaporation
would then proceed quietly and dry saturated vapor would be pro-
duced. In this calorimeter the electric heater, which is, in fact, an
evaporator, has been developed to effect quiet evaporation and the
formation of dry saturated steam with very little disturbance of

thermal equilibrium in the calorimeter and contents.

The evaporator heater as installed is shown in section at H in

Figure 11 and photographically in Figure 3. In this electric heater a
resistance wire of constantan 0.4 mm in diameter, with gold leads of

the same size, forms the resistor. This resistor is insulated by embed-
ding it tightly in dry clay which completely fills the pure silver tubular
sheath. The portion of the sheath containing the resistor is flattened

to a thickness of about 2 mm. The end portions containing the gold
leads are drawn to a diameter of about 2 mm. The flattened portion
is wrapped spirally with a strip of pure silver fine-wire gauze, fastened
by spot welding at a number of points. The flat resistor portion is

then bent into the final helical form as shown and the leads bent so as

to pass downward and out of the shell through the fitting.

The purpose of the gauze wrapping is to insure even distribution

of the stream of water which flows through the annular port, and
thence down as a thin sheet enveloping the evaporator.
The resistance of the completed heater is about 10 ohms. The

insulation resistance between the resistor element and the silver sheath
was found to be about 90 megohms when cold.

The evaporator when installed is held in its central position just

below the water port by a 3-armed silver support carried on the central

portion of the discharge tube of the pump. The water is led from this

port by guides of silver gauze and brought to the very top of the
evaporator. The excess of liquid which flows off the evaporator is

led quietly down into the central reservoir by a similar guide or apron
of gauze.

5. ENVELOPE

The chief purpose of the envelope which surrounds the calorimeter

shell is to provide a receptacle in which the shell may be installed to

isolate it from adventitious or fortuitous sources of energy.

We may regard the space between the calorimeter shell and the

envelope as a barrier to heat flow, pervious to only a slight extent.

The necessary metal connections between the calorimeter and its

surroundings furnish other restricted channels for heat flow. The
thermal-leakage rate may be made small by refinement of construc-

tion, but can only be annulled completely by avoiding temperature
difference. This may not be actually possible, but by first making
the thermal insulation very good and then in operation keeping the

temperatures under control it is possible to keep the heat leak ex-

tremely small in all cases and to account accurately for the unavoid-
able small heat leak which does occur. Provision has been made for

both these measures in the present calorimeter, as will presently be
shown.
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Figure 7.

—

Partly assembled calorimeter

E, Envelope shell; M, mantle for reference hlock; TD, thermoregulator

dilatometer; V, shut-ofl valves; VL, vapor lines; WSB, water stuffing

box: OP, oil pump.
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The envelope is shown at E in Figure 11. This outer shell is very
similar in construction to the shell of the calorimeter. It is of the same
material, made in two parts, assembled in the same manner. This
shell is made strong as a precautionary measure in case the inner
shell should fail to hold the water sample under pressure.
The calorimeter shell is supported axially within the envelope by

means of two tubes of silver-palladium alloy, one at the top and one
at the bottom. Besides furnishing strong stiff supports, these tubes
serve also as channels for transfer of fluid to or from the calorim-
eter, either as liquid or vapor. The lower tube also incloses the
propeller shaft of the circulating pump. The upper tube serves as
an opening through which a tool may be introduced for adjusting
parts. The metal of these tubular supports was chosen because it

possessed the desired characteristics of resistance to action of hot
water, strength, thermal resistivity, and satisfactory workability.
To avoid the danger of injury to the delicate supporting tubes by

accidental shock to the system when in place, six metal pegs are
fixed in the wall of the outer shell, extending radially inward nearly
to the surface of the inner shell but not touching it. These are
placed in two planes near the top and bottom of the cylindrical part
of the inner shell and are so adjusted in length as to prevent any
eccentric displacement which would endanger the supporting tubes.
Thermal leakage may take place by either of four types of heat

flow, namely, radiation, solid conduction, gaseous conduction, and
convection. The first of these, radiation, is made small by silver

plating and polishing the outer surface of the calorimeter shell. This
finish has a tolerably low emissivity in the temperature range of these
experiments.
Conduction through the metal parts extending across the insulat-

ing space is kept v/ithin bounds by choice of materials and propor-
tions of the necessary supporting tubes and electrical leads. The
supports have already been described above. The electrical leads
which contribute to thermal leakage comprise 21 chromel and 14
copel thermoelement wires each 0.1 mm in diameter. Each of these

materials has low thermal conductivity, and. these leads contribute

little to the total heat leak. The electric current and potential

leads are a larger factor. These are of gold wire. The current leads

j|are about 0.6 mm in diameter and about 4 cm long. The potential

leads are about 0.2 mm in diameter and 8 cm long. They are dis-

posed of in the envelope space about as shown in Figure 11.

Heat leak by gaseous conduction and convection was dealt with at

I
first by providing means for evacuating the envelope space to a,

jlow residual-gas pressure of about 0.0003 mm of mercury. At this

J

pressure the heat leak by this path is insignificant. The calorimeter

!
was operated this way during much of the earlier work at moderate

\

temperatures. At temperatures of 200° C. and over, trouble devel-

oped due to leaks appearing in the envelope system surrounded by
oil. Presence of the small amount of oil which penetrated into this

j
evacuated space produced thermal effects which were baffling until

! finally traced to their cause. After contending with this difficulty

^for some time it was decided to discontinue the evacuation of the

envelope. Instead, it was filled with nitrogen at about atmospheric

pressure. This practice gave a slightly greater thremal-leakage

|

coefficient, but inasmuch as this coefficient was determined as a
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part of the systematic routine and the actual heat-leak correction
made in every experiment, a small percentage change in an already
extremely small correction term was of no consequence.
Supplementing the above-mentioned features of thermal insulation

of the calorimeter there is a thermometric device for indicating the
relative temperatures of calorimeter and envelope surfaces and also

a means for controlling these temperatures. The thermoelements
which serve for the first of these form a part of the whole thermo-
metric system which will be described in detail presently. The ther-

mal control bath which surrounds the envelope is the medium for

effecting temperature control will next be described.

6. CONTROL BATH

The control bath as shown in Figure 11 is contained in a brasgj

casing, which, when assembled, supports the calorimeter in its eni
velope, through the axial connecting tube at the bottom. The bot-t

torn of the bath casing is a circular brass plate which is supported by
three flattened tubular columns. These columns rest on a loweij

deck, which is a part of the outer casing which holds the lagging.

This lower deck is borne on a main support of three columns which
thus carry the main calorimetric unit.

The somewhat involved construction of these inclosures was made
necessary in order to provide in advance for an assembly or disman-
tling without unnecessary disarrangement of delicate or remote parts.

This precaution has proved a great advantage, when, in operation,

either failure of a part or need for change or readjustment have neces-

sitated access to more or less remote points inside.

A mineral oil of suitable viscosity and flash point is circulated in

the bath by the path indicated in Figure 11. A centrifugal pumpi
drives the oil about this circuit. Each of four electric-heater units;

supplies energy for some specific purpose. The one for principal heatj

supply furnishes most of the heat which escapes to the outside and
part of that which is used to raise the temperature of the bath. This!

so-called "main heater" is located on the outer wall of the bath)

casing. It is .made of nichrome wire, 0.8 mm in diameter, wound!
first in helical form, then flattened to a ribbonlike coil. After thej

outer wall of the bath casing had been covered with a thin layer ol

alundum cement baked hard, this heating element was wound orl

and another coat of alundum cement applied to hold it in placeij

The two windings have a resistance of 10 ohms each and can be used
either singly, in series, or in parallel. This heater will, of course, nol
produce a quick response in the bath to a change in current. To pro!

vide for quick response an "auxiliary heater" is installed in the uppenj

portion of the oil space above the envelope shell. This auxiliary

heater is a copper-sheathed, clay-insulated unit similar in principle t<&

the calorimeter heater, but proportioned and shaped for this place!

Its resistance is about 10 ohms.
To provide for automatic regulation of the bath temperature a

third or "regulating heater" of 10 ohms, similar in construction to the!

one just described, was installed in the oil-return flow just ahead

the pump intake. The current in this heater is automatically var

to maintain constant temperature in the bath by the thermoregulat

which will soon be more fully described.

'1C(J
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A fourth heater called the " central heater" is an auxiliary heater
attached to the fitting on the central tube at CH in Figure 1 1 . This
enables the operator to keep the upper end of the central supporting
tube of the calorimeter at a higher temperature than the calorimeter,

so as to avoid condensation. The central heater is of the clay-insu-

lated copper-sheathed type, wound spirally on a core of copper, to

which it is hard soldered. This core is clamped to the fitting which it

is desired to heat.

A refrigerating coil is installed in the bath to permit operation at

temperatures down to 0° C. This consists of a tube, as shown at

RCm Figure 11, and may be used to carry carbon dioxide, cooled by
throttling from high pressure. By connecting the refrigerating coil

to the water supply it can be used to cool the system after experiments
at high temperature.
The thermoregulator is actuated by an oil dilatometer in which the

variation of temperature causes motion of a mercury column in a
small tube, thus making or breaking an electric circuit. This impulse
operates a relay which effects the change in heating current. The
thermoregulator is of the selective-setting type long used in this

laboratory. When heating up, a valve is left open, permitting the
escape of expanded fluid. When the desired temperature is reached
the valve is closed, heating currents are readjusted, mercury contact
finally set, and the temperature is then automatically held.

The dilatometer of the regulator is a long thin-walled tube wound
in helical form and installed in the oil stream where it meets the
envelope shell, as shown at TD in Figure 11.

The insulating material used for lagging is calorox. No attempt
was made to make the heat leak from the bath very small by using
great bulk of lagging. It was thought more expedient to conserve
space and weight by wasting a little more electric power. The outer
casing is water-cooled to keep it from getting too hot to the touch.
The various connections extending up more or less rigidly from the

calorimeter unit emerge through easily fitting tubular wells in the top
of tht control-bath casing. This permits near closure of the oil space,

at the same time allowing for differential expansion of the parts.

Flexible connections are brought out through tight fittings. Special
wells are provided through which the resistance thermometers are

inserted into their receptacles, yet to be described.

The control bath is designed to conserve space and heat capacity
by utilizing the circulating oil as a medium for rapid transfer of heat
rather than as a heat reservoir. It is necessary to provide for the
change in volume of the oil over the temperature range used. An
outlet at the top leads through a water-cooled tube to a trap with two
oil reservoirs, each of 3 liters capacity. The supply flask is above,
inverted, with spout below the overflow. The other is below to re-

ceive oil which overflows. This arrangement keeps the oil level at a
definite height in the wells, whether temperature is rising or falling.

7. THERMOMETRIC INSTALLATION

Temperatures at various chosen points on the calorimeter and
envelope are observed by the combined use of platinum resistance

thermometers and thermoelements. A heavy copper reference
block located in the bath at R in Figure 11 serves as the thermal union
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between the resistance thermometers and the reference junctions of

the thermoelements. The thermometers thus measure the tempera-
ture of the reference junctions, and the thermoelements indicate the
small temperature differences which exist between the reference block
and the principal junctions located at the chosen points.

The three thermometers fit into copper receptacles which are hard
soldered to the reference block. ' Thirteen thermoelements, each hav-
ing reference junctions on this same block, have principal junctions at

points on the calorimeter shell and its envelope, as shown in Figure
11. Each element is made of 0.1 mm. diameter chromel and copel
wires, stranded so that two copel and three chromel wires lead to the
junctions. Each element has three junctions—a principal one at the
place where indication of the temperature is desired and two reference
junctions on the reference block. From these gold wires lead to the
outside. A diagram of a single thermoelement is shown in Figure 8.

Copel-chromel elements were chosen because of their comparatively
high thermoelectric power and relatively low thermal conductivity.
The reference block is especially designed to avoid temperature

gradients and keep all the reference junctions and resistance ther-

mometers at the

J%L J£L
~

same temperature.

! f \f \ It is attached to

c^-B«=(S^ml--4^.J^5ft7y) Arn fei S- the calorimeter en-°nr^rr ~r^TD @™ ®Xj ~%> velope through a
c"T^feT ~h2$ @w

©ffi i A» short tube of heavy
TA

I \^JK^3 •
copper -nickel.

_^__^au_ From this block a
r ~cw ~ similar tube ex-

Figure 8.

—

Diagram of thermoelement tends laterally and
.

thence by a right
J, principal junction; RJ, reference junction; R, reference block; TD, , +11
thermoelement lead tie-clown; TA, thermoelement lead anchorage; turn Vertically Up-
Co, copel wire; Ch, chromel wire; Au, gold wire and terminals; Cu, worrl and Out of the
cojjjpcr • tit •

bath, where it ter-

minates in an air-tight insulating seal (S, fig. 1 1) for the wires, which are

led out through this duct. A side connection near the top is used in

the evacuation of the envelope or the filling with gas. The reference
block itself is a heavy cylindrical mass of copper with circular steps

inside like an amphitheater. These steps afford space for attaching
the reference junctions of thermoelements. Three flat tubular
copper receptacles are attached to the block to receive the spatulalike

ends of the resistance thermometers which are inserted from above.
This well-conducting copper mass forms a thermal union between the

thermometers and the thermoelements in which only extremely small

temperature gradients can persist.

However, if left entirely unprotected from the direct influence of the

oil stream, whose temperature is controlled by the automatic thermo-
regulator, this block would experience sensible fluctuations of temper-
ature from the controlled mean, which would interfere with precise

observations. In order to damp out these fluctuations there is pro-

vided a mantle in the form of a figure of revolution fitting the cylinder

and the envelope shell at M, Figure 11. It moves vertically in guides
so that it can be placed as shown or raised to a higher level. When in

the upper position the oil passes within the mantle and bathes the

reference block directly. This is the proper position when the mean
temperature of the bath is being changed. When steady temperatures
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are to be observed the mantle is lowered, thus keeping the reference

block more remote thermally from the circulating oil and obliterating

the periodic fluctuations, at the same time allowing the block to follow

the mean temperature of the oil.

For insulating and supporting the thermoelements within the en-
velope, where this can not be accomplished merely by spacing the
bare wires, mica is used. All the junctions are insulated with mica
except for the principal junctions of Nos. 9 and 10, which are soldered
directly to the central tube, and No. 12, which is assembled without
insulation for test purposes. By making suitable connections outside
the thermoelements can be used either as individuals for survey of

temperature distribution or in groups to indicate average surface-

temperature difference for heat-leak control. The group of five on
the calorimeter can
be used in series to

refer the calorimeter
temperature to the
resistance thermom-
eters.

The 28 gold wires
leading out from the
reference junctions
in the reference block
are carried through
a multicellular duct
built up of mica
strips in which each
wire has its own pas-

sageway. The wires

which lead down-
ward from the refer-

ence block to the
principal junctions
are guided and sup-
ported by threading
through appropriate
thin strips of mica.
The method of at-

Figure 9.

—

Details of thermoelement attachment

A, gold terminal of thermoelement wire, lead, or junction; B, mica
insulating washers not less than 0.1 mm thick; C, threaded stud;
D, nut.

1 1aching junctions to the metal parts so as to insure electric insula-

tion and provide at the same time good thermal union is shown
! in Figure 9. The gold terminal to which are hard soldered the
two wires forming the junction is clamped firmly between mica
washers to the metal surface under a nut threaded to a stud. By
the same device connections are made between the gold wires

and the reference junctions, simply leaving out any mica washer
from between the gold terminals. Thermal " tie-downs" of the gold

;

wires are made in the reference block to intercept lead conduction

!
which otherwise might reach the reference junctions and vitiate their

indications. Each wire is twice tied down before connecting with its

reference junction, thus reducing the effect of lead conduction from a

possible error of nearly a degree, in an extreme case, to about one
ten-thousandth of this amount. A total of 80 tie-downs find place

within the reference block, and a total length of about 6 m of bare
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wires, coiled in helical spirals, is accommodated in the 32 cm3 of space
within this block, requiring considerable care in stowage to keep them
all clear of each other. After assembly the whole system of insulated

thermoelements showed an insulation resistance of several megohms
to the calorimeter unit at 500 volts.

The thermoelements are made up of fine stranded wires so that
they will have appropriate resistance and still be sufficiently flexible

to be manipulated into suitable shapes for stowage. The total series

resistance of the group consisting of elements Nos. 1 to 5, inclusive,

is about 100 ohms. This resistance gives critical damping with the
potentiometer and galvanometer used for observing. The resistances

of the other combinations used are made up to similar total values

by series resistance coils on the instrument board.
The copper ring (TA, fig. 11) furnishes an isothermal anchorage

for the junctions between the gold lead-out wires and the copper
wires which lead over to the instrument board. These circuits are

entirely of copper to avoid parasitic thermal emf's. Two special

switches, each of copper, were built to permit the individual thermo-
elements to be quickly connected to the potentiometer in the desired

combinations. One of these is a double-pole 12-throw dial switch

and the other a quick double-throw 6-pole knife switch. Where sol-

dered joints were made, special carewas taken to insure against thermal
gradients in the joints. Every precaution was taken to reduce para-

sitic thermal emf's in the measuring circuits to a negligible amount.
Four platinum resistance thermometers, specially constructed for

this purpose, were used as working standards for the temperature
measurements. These are of the 4-lead potential-terminal type.

They are made small and compact to fit the receptacles described

above. The platinum windings were of 0.05 mm diameter, wound
seven turns to the millimeter on a flat plate of mica notched at the

edges to receive the wire. The windings occupy a length of about 10

mm. The thermometers are incased in platinum sheaths 0.5 mm
outside thickness, 5 mm wide, and 60 mm long. These sheaths are

hard-soldered to tubes of copper-nickel, 3.2 mm in diameter, through
which the gold-lead wires threaded through mica strips are led out to

the seals at the top, where copper wires are joined on.

The platinum windings were annealed by flashing, using an electric

current of short duration sufficient to heat the wires to redness mo-
mentarily.
The thermometric reference block is closed at the top by a flexible

annular diaphragm of silver to allow freedom for differential expansion
between the outer envelope and the suspended calorimeter shell with
its supporting tubes. The top of the block is terminated by a Monel
ring hard-soldered to the copper, having a blunt-edged flange upon
which the silver diaphragm is clamped by the threaded nut bearing

against a washer. At the inner edge the diaphragm is similarly

clamped to the fitting which joins the supporting tube below and
connects with the distributing tube above, through a union.

8. THROTTLE AND REHEAT TUBE

This device has not been used up to the present time, but as it was
installed in the calorimeter from the first assembly and had some in-

fluence on the design, although left inoperative, it will be briefly de-

scribed. The extension of the silver-palladium outflow tube within
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the calorimeter is threaded in the lower portion of its length with a

pitch of 80 threads to the inch. A plug of silver-gold alloy is fitted

to this thread so that it can be placed anywhere in the threaded part.

A coil consisting of 170 cm of silver tube is connected at two points

of the outflow tube. By placing the plug between these points, vapor
flowing out of the calorimeter is first reduced in pressure and tempera-
ture as it leaks by the plug threads, and then flows through the coil,

where it is reheated by absorbing heat from the saturated vapor which
surrounds the tube. This is the arrangement provided for a fourth

type of experiment in which the heat content of superheated vapor
would be determined.
As the calorimeter was used in the first three types of experiments,

the throttling plug was left out entirely, leaving free passage for vapor
up the outflow tube.

IV. ACCESSORY APPARATUS

1. FLOW LINES AND CONTROL VALVES

The flow lines provide connections between the calorimeter and the
outside receivers and are used to conduct the flow in the transfer of

fluid to or from the calorimeter. The lines at the bottom provide for

the introduction and withdrawal of liquid, while those at the top are

used in the withdrawal of vapor. Figure 2 shows diagrammatically
the various paths along which liquid and vapor can be conducted and
the relative positions of the control valves.

The valves used in the flow lines are all of the diaphragm type,

which permits motion for operation without the use of packing and
will be described later. Part of these can be operated as shut-off

i valves and two as throttles for reducing pressure and controlling rate

of flow.

All flow lines are of silver or silver-palladium tubing. Those
which are at the pressure existing inside the calorimeter are of silver-

palladium, except one small silver tube at the bottom. This bottom
tube emerges from the side of the lower supporting tube, in the
lagging space, and leads downward near the stuffing box to the
outside, as shown at WL in Figure 11. It serves for introduction
or removal of liquid and is the only connection to the calorimeter

i which has to be broken for dismantling the control bath. The silver-

palladium exit tube at the top of the calorimeter has two horizontal
branches, one leading to a throttle valve and one to a pressure-

; transmitting device or pressure capsule, which will be described later.

From the throttle valve a silver-palladium manifold tube leads to

three shut-off valves located in the control bath. From each of

these a comparatively large silver tube leads out through the top of

the control bath and the lagging to a silver tempering coil which is

provided with means for evacuation, through a diaphragm valve.
The liquid line at the bottom leads through a diaphragm valve which
serves either as a liquid throttle or shut-off, to a similar tempering
coil. All four tempering coils terminate in unions which fit the
threaded portions of the valves on the containers for the water. All

J four vacuum valves lead to a common vacuum fine, which is pro-
' vided with a metal trap in which water remaining in the connecting
lines can be caught and weighed,
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The diaphragm valves already spoken of were designed to eliminate

the use of packing. One of these will be described to illustrate this

feature. In the section shown at VV in Figure 11, it may be seen

that the action which opens and closes the valve is the vertical

motion of a stem relative to a seat. The face of the stem is a soft

silver disk, and the seat in this type is a rather blunt but finely

machined edge of silver-palladium alloy. Longitudinal motion of

the stem is permitted by an annular silver diaphragm of 0.2 mm
thickness, clamped to seal tightly near the outer and inner edges.

Rotation of the stem is thus prevented. The portion of the stem
outside the diaphragm is a cylinder fitting freely in a recess in the
valve bonnet, so that the stem moves perpendicularly to the plane
of the seat. Excessive flexure of the diaphragm is prevented by the

metal support behind it and by limiting the travel of the stem. In
this type of valve used on the containers and in the vacuum lines

the motion is imparted to the stem by a differential thread arrange-

ment. The differential screw has a square end which can be turned
by a detachable key.

Each of the three shut-off valves in the bath, one of which is

shown at V in Figure 11, is of this same diaphragm type, but the

motion is imparted to the stem in a different manner. These valves
have to be opened and closed as nearly instantaneously as possible,

and no intermediate positions in the motion are required. There-
fore, instead of the differentially threaded stem, an entirely different

mechanism was designed to accomplish this purpose. Their stems
are attached to vertical struts, leading outside the control bath to

a spring and lever system shown at VM in Figure 11. By means
of the adjusting screws illustrated the mechanism can be set so

that any desired force of the stem on the seat will be furnished by
deformation of the spring lever, SL. It is evident from the diagram
that by a single motion of the operating lever, OL, the valve can be
completely opened or closed, The provision by which these opera-
tions are automatically carried out at a signal from the standard
clock will presently be described.

The shut-off valve in the liquid line was changed during the
liquid-withdrawal experiments from the type shown at WV in

Figure 1 1 to a type similar to the vapor shut-off valves in the control

bath. Provision was made for the remote control of a slow-motion
screw which actuated the handle of the mechanism. The opening
of the valve could thus be controlled to regulate the rate of with-
drawal of liquid.

The vapor throttle valve is similar to the shut-off valves, but be-

cause of the fineness of operation demanded of it, certain changes
were necessary. The seat is made flat with a 0.5 mm aperture and
the silver disk on the stem is made slightly conical where it engages
the seat. The operating mechanism outside the oil bath was changed
to the form shown in Figure 1 1 and was provided with a slow-motion
screw to operate the valve handle. This slow-motion screw is oper-

ated from the instrument table by a positive mechanical control.

The spring lever was replaced bjr a heavier brass one, which acts as a

rigid member. All joints are made as free from backlash as possible,

and the spring, K, is provided to take up the residual slack. For
some of the latent-heat experiments at high pressures, a set of eight

silver palladium disks each 0.1 mm in thickness and with 0.5 mm holes
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in the centers, was introduced between the valve stem and the seat

to provide more paths for vapor and thus cut down the sensitivity of

the valve to motions imparted to it by the observer.

Considerable difficulty was experienced in the evolution of the

throttle valves. The two described proved to be the most satisfactory

of several which were tried.

2. CONTAINERS FOR WATER

The containers for the water, as shown at V/R in Figure 11, are
made of 1.6 mm silver in cylindrical form with hemispherical ends.
Their capacity is about 425 cm3

. Those for use in transferring liquid

are provided with reentrant silver tubes reaching nearly to the
bottom. Each container is provided with an outlet tube of silver

bent as indicated in the figure and leading to a diaphragm valve.

The body of this diaphragm valve terminates in the male half of a
union, threaded to fit any of the unions on the tempering coils.

The weight of each container and its valve is about 1,000 g.

3. PUMP-SPEED CONTROL

The speed of the circulating pump in the calorimeter is accurately
controlled to make the rate at which it supplies energy to the water
definite and reproducible.

The long external drive shaft for this pump has squared ends
which couple the pump positively to a liquid tachometer, rotating
at the same speed as the pump. The tachometer, of the well-known
Veeder type, is driven by a motor which draws its power from a

1

50-volt storage battery. The impeller maintains a column of kerosene
'at a height which is determined by the speed. A column of mercury
in a side tube off the kerosene column is maintained at a level which
also varies with the speed. In a manner similar to that of the
thermostat, this mercury column, by its motion, serves to make and
break an electric circuit. As a result, more or less resistance is

placed in the armature circuit of the driving motor, in the direction

required to maintain a constant head of mercury. The kerosene
column furnishes a sensitive means for the direct observation of the
pump speed, which latter is maintained practically constant by the

i automatic control.

To check the constancy of the pump rate, a revolution counter was
geared directly to the pump shaft. Observations with this counter
at infrequent intervals showed that the pump rate is maintained
constant at any desired value to about 0.1 per cent.

4. TIMING DEVICES

In the a and experiments the time of electric heating and in the

7 experiments the time of withdrawal of vapor must be observed.
^or the first of these there was constructed a double-pole double-
' throw switch operated by a spring and a release which is actuated by
an electric impulse from the standard clock. This automatic switch
not only opens or closes within less than 0.1 of a second, but also

'requires the same time interval for action in either direction. In
operation it was used to switch the connection from a 30-volt storage

battery to either the calorimeter heater or to a spill coil having nearly
the same resistance.
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To provide for timing the flow in the 7 experiments, the actuating
mechanisms of the three previously described shut-off valves are

equipped with pulley wheels rigidly attached to the operating levers

and rotating about the same axes as these levers. Cords firmly

attached to the wheels can be led in either direction around the wheels
and thence up to a spring. The spring is permitted to operate by the
release of a catch at a signal from the standard clock. The spring-

thus furnishes the power for opening or closing the valves at a chosen
time, either individually or in any desired combination. The time
required for complete opening or closing of a valve is less than 0.1

of a second.
Signals from the standard clock are received only on the exact

seconds, the fifty-ninth being omitted. The key in the clock circuit

is closed by the operator during the fifty-ninth second, so that the

zero signal is used either for starting and stopping the power or for

diverting the vapor flow. The integral number of minutes involved
in an observed process is observed on a watch.

5. PRESSURE-MEASURING INSTRUMENTS

Provision was made for observing pressure, and, although no meas-
urements are included in this report, the installation will be described.

A side tube from the outflow tube just after it emerges from
the vacuum space leads to a pressure capsule (PC, fig. 11)

which is also in the oil bath to avoid condensation. The pressure

capsule is made of Monel metal with a 4-cm diameter sheet Monel
diaphragm, D, 0.08 mm thick, stretched across the capsule. This
diaphragm transmits the pressure from the vapor on one side to oil

on the other. The diaphragm is allowed a displacement at the center

of only 0.25 mm from the mean position before coming against the

solid supporting walls of the capsule. When the highest working
pressure is applied, no permanent deformation of the diaphragm will

result. The diaphragm, however, is sufficiently flexible for a very
small pressure change to deflect it across the chamber. A measure-
ment of the opposing pressure when the diaphragm is balanced
midway in the capsule will then give the pressure of the vapor. All

the Monel surfaces on the vapor side are silver plated to prevent
chemical action of the hot vapor with the metal. A 0.2 mm gold-wire

ring was used to make the diaphragm gas tight in the capsule. Monel
screws were used in addition to the Monel case and diaphragm so

that there would be no differential expansion of the parts which would
cause leaks or change in tension of the diaphragm. Oil is used to

transmit the pressure from the diaphragm in the capsule to a gauge
of the dead-weight type with piston rotating in oil.

6. ELECTRICAL MEASURING INSTRUMENTS

The electrical measurements comprise observations of thermometer
resistance, thermoelectromotive force, and electric power input.

The resistances of the thermometers are measured with a Mueller 6

bridge built by O. Wolff. The bridge coils are immersed in a ther-

mostated oil bath. A separate commutator switch permits the ob-

servation of any chosen one of four thermometers. The bridge coils

» Mueller, B. S. Sci. Paper No. 288.
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were recalibrated whenever it was found desirable, by the method
outlined by Mueller. A measuring current of 4.5 milliamperes was
used both in the calibration and in the measurements of temperature.

A galvanometer scale deflection of 1 mm corresponds to approxi-

mate 0.0001 ohm, or about 0.001° C, for the thermometers used.

The electromotive forces of the thermoelements, amounting in

nearly all cases to less than 20 (jlv are measured on a Wolff potentiom-
eter designed by F. Wenner. By comparison with another instru-

ment which had been calibrated at the Bureau of Standards, the cor-

rections to the indications of this instrument were found to be negli-

gible in the range in which it is used. When the temperature of the
calorimeter is being observed, a scale deflection of 1 mm corresponds
to 0.002° C. or less.

The power input is measured on a Diesselhorst potentiometer,
built by O. Wolff. It was calibrated at the Bureau of Standards
before, during, and after the experimental work and showed no changes
of more than 1 part in 30,000. The scale deflection was greater than
2 mm per division on the last dial in the measurements on current
and potential drop.

The standard cells to which the potentiometric measurements are

referred are Eppley unsaturated cadmium cells. They are kept in a
cork-lined box and calibrated frequently against the standards
maintained at this bureau. Two of these cells are used with the
potentiometer for power measurement to guard against fortuitous

changes in voltage between calibrations. Their electromotive forces,

as measured and used in this work, are expressed in international volts.

This international volt is defined as 1/1.0183 of the voltage of the
normal Weston cell ^ at 20° C.
The volt box ratio and the resistance of the 0.01-ohm manganin

standard used in the measurements were verified at this bureau before,

during, and after the experiments and showed no changes of more
than 1 part in 30,000.

7. WEIGHING INSTRUMENT

The balance used in the weighings is a 2 kg Troemner balance,
with a sensitivity of one scale division per milligram. Provision was
made for suspending the counterpoise and the containers for water
in a closed cabinet below the balance pans. All weighings are made
by the method of substitution. The weights are of brass, platinum
plated, and calibrated at this bureau. Correction is made for buoy-
ancy of the air on the weights. In this method of weighing no correc-

tion for the air buoyancy on the water sample is necessary. Changes
in buoyancy are compensated for by making the volume of the counter-
poise approximately the same as the volume of a container. The
weights are made to the nearest milligram.

8. THERMOMETRIC STANDARDS

All temperatures used in this work are measured on the inter-

national centigrade scale 7 of 1927, which is defined, in the interval
0° to 660° C, by assigning the temperatures 0°, 100°, and 444.60° C.
.to the ice point, steam point, and sulphur boiling point, respectively,
all at the pressure of one standard atmosphere (760 mm mercury);

* Burgess, B. S. Jour. Research (RP22), p. 635; October, 1928.
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and establishes other points by means of a standard resistance ther-
mometer of pure platinum, making use of a formula of the form

Re-R (l+Ad+ Bd2
)

in which 6 is temperature, R the resistance at the ice point, and A
and B are constants found by calibration at the steam point and the
sulphur boiling point.

Before starting the calorimetric measurements the resistance
thermometers were calibrated directly at the ice, steam, and sulphur
points as outlined above. Later on in the work it was found ex-

pedient to calibrate the thermometers by comparison with a labora-
tory standard. A standard resistance thermometer of the strain-free

type was inserted into a special copper receptacle which is in good
thermal contact with the copper reference block in the control bath.
This strain-free thermometer is calibrated at the ice, steam, and
sulphur points directly, and the constants of the calorimetric spade-
type thermometers are determined by direct comparison in position
in the control bath. In this way it was possible by holding the bath
at a constant temperature to make very accurate comparisons between
the strain-free thermometer and the calorimetric thermometers.
However, the strain-free thermometer was not so well adapted for

indicating the temperature of the upper reference block during the

calorimetric experiments, and for this reason the calorimetric ther-

mometers were used in the actual experiments.
The thermoelements used in measuring the calorimeter temperature

were calibrated in place against the resistance thermometers. The
accuracy of this calibration is of little importance because of the

extremely small values of the observed thermoelectromotive forces.

9. PURIFICATION OF WATER

Dissolved gases are removed from the water samples used in the

experiments. In a specially designed still, ordinary distilled water is

subjected to another distillation under a pressure of about 0.1 atmos-
phere. During this redistillation a pump is continually removing the

permanent gases, together with some water vapor from the condenser,

at such a rate that there is little opportunity for the permanent gases

to redissolve in the condensate. In special test experiments the

amount of residual gas remaining in the condensate was found to be

less than one one-thousandth of the amount usually contained in dis-

tilled water. After a water sample is thus freed from dissolved gases,

it is not allowed to come into contact with air again either before or

during its use in the experiments, but is always kept and transferred

under its own vapor pressure.

V. DESCRIPTION OF MEASUREMENTS
The keynote in the description of the experiments is that an accu-

rate account must be kept of each of three primary observed quan-
tities, namely, the amount of fluid subjected to the process, the

change in state, and the amount of energy exchanged. The energy
account consists primarily of that which is added and measured elec-

trically, but includes also the energy added by the pump and the

energy exchanged by thermal leakage. In the following discussion

the method employed for the evaluation of all these factors will be

described.
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1. ACCOUNTING FOR MASS OF WATER

The mass of water which is subjected to a change in state enters as

a direct factor in the reduction of the data. The results, therefore,

can be no more reliable than the determinations of the masses. In
addition, a quantitative account of the aggregate mass of the water
involved in any set of experiments throws important light upon the

reliability of the data derived from the experiments. Equality of the

amount put into the total removed indicates that there has been no
gain or loss of fluid through leaks and that there have been no acci-

dental errors in the determination or recording of weights. In this

work such a mass accounting has been carefully kept, and important
I
revelations have resulted from it. From time to time water leaks

from the calorimeter and air or oil leaks into the calorimeter have
been indicated, located, and eliminated. When the mass accounts
balance properly, the results assume an added degree of certainty.

The procedure employed in filling the calorimeter and in removing
that water which remained after the completion of a series of exper-

iments is the same for the a, (3, and y experiments. It will therefore

be described here once for all.

A container having a reentrant tube is evacuated and filled with a

charge of water from the still. The valve on the container is heated
to a little above 100° C. to drive off external moisture, and the -whole

is cooled in a current of air, from a fan, to the temperature of the

room. This treatment was found to bring the containers to a re-

producible condition for weighing, and will be spoken of hereafter as

conditioning.

The container and its charge of water are first weighed and then
attached to the tempering coil at the bottom of the calorimeter. The
calorimeter and coil are then evacuated through the vacuum valve,

until a McLeod gauge in the system indicates a pressure of less than
0.001 mm. The system is then considered tight and sufficiently gas

free.

The vacuum valve is then closed and the container valve opened.
The water in the container is forced into the calorimeter by its own
vapor pressure when heat is applied with a gas torch. Usually the

entire charge is introduced, but the flow can be stopped after any
'.chosen part has gone in if the container is suspended during the

'filling from one arm of a crude balance.

When the desired mass of liquid has flowed into the calorimeter,

ithe lower calorimeter shut-off valve is closed, the tempering coil is

'surrounded with boiling water, and the container is immersed in cold,

''running water. Virtually all the water remaining in the lines is thus

distilled back into the container. After a few minutes the container

valve is closed and the coil is again evacuated, this time through the

liquid air trap which has previously been evacuated and weighed.

iThe vacuum valves and the valves on the trap are closed and the

'container and trap are detached, conditioned, and weighed. The
change in- weight of the container minus the weight of the water
-caught in the trap (always less than 1 mg, and therefore negligible

i when the operations are properly carried out) gives the mass of the

^water in the calorimeter system.
After a set of experiments in which part of the water sample may

or may not have been removed, the water remaining in the calorimeter
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is withdrawn into the container. This process is hastened by having
the calorimeter and tempering coil hot and the container cool. When
as much liquid as will flow out has been collected in the container,

its valve is closed and that which remains in the calorimeter is collected

in the liquid air trap. The masses thus removed are weighed as

described above.
In the constant mass or a experiments the mass weighed in is

equal to the mass removed if the operations have been properly
performed. In the withdrawal, or /3 and 7, experiments the masses
of water removed as saturated liquid or vapor must be included in the
mass accounting.

2. HEAT-CAPACITY DETERMINATIONS

The measurements of the first type which determine the change in

u
value of the quantity H—L , > denoted by the symbol a, were,

with a few exceptions, taken in 10° intervals. The whole range from
0° to 270° C. was divided into three sections, 0° to 100°, 100° to 200°,
200° to 270°, each of which could generally be covered in a single

day's work. Starting at the lowest temperature of one of the sections,
0° C.j for intsance, the initial temperature is observed. Then electric

energy is added to heat the calorimeter and water approximately 10°.

The temperature is again observed and energy added for another
period. There is thus obtained a series of observed temperatures, be-
tween which the added energy is measured. By keeping a continuous
account of the energy, including heat leak and pump energy, the
change in a from the initial starting point of the series to any stopping
point can be determined independently of the intermediate intervals.

A single series of measurements of this kind gives as a result the amount
of energy, Q, added to change the temperature of the calorimeter
and contents from any one to any other of the observed temperatures.
A second series carried out in a similar manner over the same intervals

of temperature but with a different mass of water in the system gives

as a result a second series of values of Q corresponding to these same
temperature intervals. Two such series of measurements suffice to

determine a series of values for the changes in a and for the changes
in another quantity which is designated as Z, over the temperature
intervals covered. This quantity Z, as described more fully in the

paper on the analysis,8
is a characteristic property of the calorimeter

as used, and its value depends on the temperature but is independent
of the total amount of water in the system. Actually, in each range
of temperature several series were made in which the masses of water
contained were chosen so as to give large differences in total heat
capacity. Reduction of the results of such a group as a whole by
the method of least squares yields a series of values of a, which is a!

property of saturated liquid water, and a series of values of Z, which
is a property of the calorimeter as it was used. The individual values

of a, corresponding to each experiment, can then be calculated for

purposes of comparison to show the degree of reproducibility of the

measurements of a.

In all the measurements of this type a tight-fitting cap seals the

calorimeter at A in Figure 11. The water samples are introduced

PSco footnote 2, p. 412.
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md removed as liquid through the connection at the bottom of the
calorimeter as previously described.

The shut-off valve in the water line is outside the boundary of the
calorimeter, and so a small part of the water introduced into the sys-

tem is outside the calorimeter and does not enter into the thermal
jrocess observed. This fact in no way affects the result because the
nethod of reducing the observations eliminates it as a quantity
ndependent of the amount of filling. Only minor differences, such,
or instance, as fortuitous changes in the temperature of the
j;mall emergent portion of the water sample, could affect the results.

These effects would appear as accidental errors in a large group of
neasurements.
The energy imparted by the pump during an experiment is taken

nto account in computing the results. The pump power is deter-

nined by supplementary experiments in which no electric power is

mpplied and heat

:
eak is. deter- AAAAMAA/VWi
nined, as will be
lescribed pres-

ently.

]
In the heat-ca-

oacity experi-
ments it is not im-
portant that the
pump power be
oiown accurately.

J

'he method of re-

liction by com-
bining results of

ixperiments dif-

fering onlyin
imount of water
sample used elimi-

nates the pump
energy from the
inal result except
for its variation
from one experiment to another
is accidental errors

jx.

-VW\AAMMA/V^^

T

Figure 10.-

v\Maa/ww\T~

—Wiring diagram for calorimeter heating
power and its measurement

H, calorimeter heater; S, spill coil; SB, storage battery; SR, standard re-

sistance; VB, bolt box; P, potentiometer; SC, standard cells; G, gal-

vanometer.

Changes in this factor would enter
in a series. Experiment showed that no sys-

tematic difference in pump power resulted from the use of different

amounts of water.
The group of measurements in the range 0° to 100° C. differed from

hose in the other higher ranges in several respects. In the first

place, it was necessary to cool the calorimeter from the laboratory
temperature down to the starting point of the series as a preliminary
to the experiments. At best this prehminary cooling was a slow
process. On the other hand, the pressures in this range were low and
the work was freer from leakage troubles incident to pressure. The
measurements from 100° to 200° could be made more expeditiously,
but difficulties incident to the higher temperatures and pressures were
greater. Above 200° these difficulties increased, and other obstacles
to operation were encountered. These resulted in a greater percentage
of failures and necessitated occasional suspension of the observations
for changes and repairs.

1181 -30- -15
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A determination of heat capacity in the range 0° to 100° will be
described to illustrate the principal features of the determinations
over any temperature range. The procedure is, in general, as
follows

:

A weighed sample of water is introduced into the calorimeter. To
provide a medium for extracting heat from the calorimeter and
expedite the cooling down to the initial temperature of the series,

helium is introduced into the space between the calorimeter and its

envelope to a pressure of about 10 cm of mercury. This gas was
used because of its relatively high thermal conductivity.
Carbon dioxide is used as the refrigerating medium both for cooling

the bath down and for holding it at the low temperature while the
calorimeter is being cooled. During this period of cooling the calorim-
eter the bath is held very near, but not below 0° C. because freezing
of the water in the lower tube must be avoided.
The automatic thermoregulator is used during this time to maintain

a practically steady temperature of the bath. It operates by com-
pensating the excess refrigeration with electric heating, automatically
regulated in the manner previously described.

When the calorimeter has cooled to the desired temperature, the
bath temperature is raised to the same value. The helium is then
pumped out of the envelope space, leaving the residual pressure less

than 0.001 mm of mercury. The automatic thermoregulation, the
pump speed, and the power supply which is to furnish heat to the
calorimeter are all finally adjusted. The mantle around the reference

block is lowered, and after a short wait for a steady state to be reached
the prehminaries are complete and the observations are begun.
The initial temperature of the calorimeter is measured by taking

simultaneous readings on the resistance thermometers and the emf's
of the five thermoelements on the calorimeter in series. Two observa-
tions on each of the three thermometers are taken for a determination
of a single temperature. Readings are begun two minutes previous
to the time chosen for switching on the power to the calorimeter

heater and are continued at 20-second intervals until the six tempera-
ture observations have been made. The order used in reading the
thermometers is not important, but was kept the same at the beginning
and end of each experiment.
The operator increases the energy supply to the bath a little before

switching on the power to the calorimeter heater, so that the envelope
temperature and the calorimeter temperature will start to rise at

nearly the same time and the same rate. On the chosen zero instant

the automatic switch is thrown and the current started in the calo-

rimeter heater. The operator, guided by indications of the differen-

tial thermoelements, keeps the power supply to the bath so adjusted
that the rising temperatures of the calorimeter and envelope are kept
very nearly together.

At 1-minute intervals the small temperature differences as indicated

by the differential thermoelements are observed. The recorder

observes the current and potential drop in the heater on alternate

minutes.
The heating is continued for an integral number of minutes and

stopped on the zero of that minute when the temperature is nearest

to 10°. By proper preliminary adjustment of the power supply the
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final temperature is brought in nearly all cases to within less than
0.1° of the chosen even temperature.

Just before the end of the heating period the operator decreases
the power supply to the bath so that the bath temperature will not
exceed the final temperature of the calorimeter. On the chosen
instant the automatic switch is thrown and the current stopped in

the calorimeter heater. As quickly as possible the bath temperature
control is shifted to the thermoregulator, and a few minutes are
allowed for the establishment of a steady state. During this interim,
readings of the differential thermoelements are continued. Within
10 seconds after the power is turned off, the calorimeter temperature
has become uniform.
When the bath temperature has become steady, the temperature

of the calorimeter is observed as previously described. During the
interim the power now on the spill is readjusted to take care of the
change in the heat capacity of the calorimeter and its contents over
the next 10° interval. This makes it possible to stop at very nearly
20° with an integral number of minutes of heating.

The final temperature of the first interval is the initial temperature
of the second interval. The experiments are 'continued in steps of 10°

as far as desired.

For temperatures of 60° and above, no refrigeration is required
for the satisfactory regulation of the bath temperature.

3. LATENT-HEAT DETERMINATIONS

The measurements of the second type which determine the value
u

of the quantity L + L , _ » denoted by the symbol y, were carried out

I at certain chosen temperatures at which the values of L, the heat of

vaporization, were desired.

The process of evaporating and removing saturated vapor is a flow
process, and in these experiments the instrument is used as a flow
calorimeter with storage for the fluid sample. The experiments are

carried out strictly as flow experiments proceeding at a steady state.

, It was possible to perform them as successive determinations, immedi-
ately following one another without disturbance of the steady con-
dition. Sometimes as many as eight separate measurements were

!
made in one series during a day's work.
The procedure for the measurement of latent heat is in general as

\ as follows

:

A weighed charge of water is introduced into the calorimeter.

;

Three containers are evacuated, conditioned, weighed, and attached

! to the three vapor lines. The lines up to the shut-off valves are then
evacuated and the vacuum valves closed.

In the following discussion the three flow lines for vapor and the

corresponding shut-off valves will be designated as Nos. 1, 2, and 3.

I
This numbering is convenient for the description of the manipulation,
jbut has no further significance. In the preliminary operations to

establish the steady state the receiver in position 1 is used, and it

will be spoken of as the spill. When in use each of the tempering

\f

coils at the top is immersed in boiling water and each of the receivers

in cold running water.

During the preliminary heating of the calorimeter and bath, the

shut-off valve and the receiver valve in the spill line are open. This
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prevents any leak past the throttle from causing pressure to build up
on the diaphragm of the valves in the vapor lines. The calorimeter

pump is running during the heating up and its speed is adjusted to

the desired value.

When the temperature chosen for operation is reached by both the

calorimeter and the bath, and when the bath temperature is properly

held there by the thermoregulator, the withdrawal of vapor can be
begun.
The current for the calorimeter heater, previously adjusted to the

value to give the desired rate of evaporation, is then turned on. The
throttle is opened and gradually adjusted to the rate of flow which
will maintain the calorimeter temperature constant and equal to the

practically constant temperature of the envelope. The flow into

the spill in line 1 is continued for about a half hour while the operator

completes the adjustment of the throttle to bring the calorimeter to a

steady temperature. This much time at least was allowed to insure

that any liquid which had lodged in the tubes could be swept out and a

steady state of flow of dry saturated vapor established.

Meanwhile the automatic throw mechanism for the shut-off valves

is adjusted so that No. 1 will close and No. 2 open at a chosen signal

from the standard clock. The valve on the receiver in line No. 2 is

opened to allow passage of vapor when shut-off valve No. 2 opens.

Before starting the measurements, a survey of the temperature
existing at various points in the system is made to verify the existence

of the steady state.

Six temperature observations are taken at times 10, 20, and 30
seconds before and after the transfer of the flow from line 1 to line 2.

For these observations simultaneous readings are taken of the resist-

ance of a single thermometer and the emf of the five thermoelements
on the calorimeter in series.

On the chosen minute the flow is shifted from line 1 to line 2.

Observations of the temperatures of the calorimeter and reference

block are made on each succeeding minute, the operator maintaining
the calorimeter temperature as nearly constant as possible by adjust-

ment of the throttle valve. Observations are made of current and
potential drop in the calorimeter heater on the alternate minutes.
Meanwhile determinations are made of the mass of water which has
been removed, by weighing the spill and the residual water in the
lines which has been caught in the liquid air trap. A weighed
receiver is put in position 1 and the tempering coil evacuated. The
valve mechanism is reset to be ready for the transfer of the flow from
line 2 to line 3.

Water samples removed are usually about 30 g. The time of an
experiment is therefore determined by the rate at which the energy
is supplied to the calorimeter. After the desired amount of water
has been collected in position 2, temperatures are again measured as

before.

The above-described procedure is repeated as long as time or the
quantity of water in the calorimeter permits, each experiment con-
stituting an independent determination.
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4. EVAPORATION FACTOR

The a experiments yield values of the quantity H—L ^_ and the
U XL

experiments yield values of L +L , _ • To determine the values of

H and L from these quantities it is necessary to know the value of
u

the quantity L , _ > which has been designated as 0. In the anal-u u
ysis 9

it is shown that this correction term /? may be determined
calorimetrically as the amount of energy which is supplied per gram
of saturated liquid withdrawn at a constant temperature.
The procedure for a determination of /3 at a given temperature is

as follows:

A weighed charge of water is introduced into the calorimeter. The
temperatures of the calorimeter and the bath are brought to the
value chosen for operation. The electric power on the spill is adjusted
so that the proper rate of withdrawal of water will approximate a
chosen value. The pump speed is adjusted and controlled as in the a
and y experiments.
A weighed container is attached to the lower tempering coil and

the coil evacuated. The shut-off valve in the liquid line is now of

I the throttling type previously described, with arrangements for

control by the operator at the instrument table.

The temperature of the calorimeter is measured as in the a experi-
ments, and the power is similarly thrown on. As quickly as possible
the operator opens the throttle for the liquid and adjusts it until the
temperature of the calorimeter is constant and practically equal to
the bath temperature. As in the a experiments, readings of the
differential thermoelements and the power to the heater are recorded
at the successive 1-minute intervals. At the chosen instant for stop-
ping the experiment the power is cut off. The throttle is closed at

such a time that the final temperature of the calorimeter is nearly
the same as that of the bath. If the calorimeter is a little too hot,

more liquid can be withdrawn until the desired state is reached. The
final temperature is then measured as before. The water withdrawn
is collected and weighed in the manner already described.^

No provision was made for making more than a single /5 experi-

ment at a time, and therefore it was necessary to measure only the
time of electric heating and not the time of flow.

5. THERMAL LEAKAGE

When a difference of temperature exists between the calorimeter

and its envelope, there is an accompanying transfer of heat by radia-

tion, conduction, and convection. For small temperature differ-

ences the amount of energy transferred per unit time is proportional

to this temperature difference.

In operation it is impossible to keep the temperatures of the calo-

rimeter and its envelope identical at all times. The existing tem-
perature difference can, however, be kept very small, and over a

/
period of time can be so controlled that the integrated value is almost
zero. In the measurements this ideal was approached as the oper-

ator gained experience.

9 See footnote 2, p. 412.
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To properly correct for the thermal leakage in those experiments
where the temperature difference did not integrate to zero, a set of

experiments was performed to determine the thermal-leakage co-

efficient. These experiments are performed under temperature con-
ditions which are identical, as far as is possible, with those prevailing

during the a, /?, and 7 experiments, except that the temperature dif-

ference between the calorimeter and its envelope is purposely much
greater. The total amount of energy transferred under this exag-
gerated temperature difference, the value of the difference, and the
time over which the difference exists are observed. No electrical

energy is added to the calorimeter, and during most of the time of an
experiment the pump is stopped. Thus practically all of the observed
energy change is due to thermal leakage. Because the calorimeter
was used both with the envelope space evacuated and filled with
nitrogen, a set of heat-leak experiments under each of these condi-
tions was necessary. These heat-leak experiments are carried out as

follows

:

The calorimeter is charged with about 250 g of water and its

temperature and that of the bath are brought to the temperature
chosen for operation. The initial temperature is observed with the
pump running, and on the next minute the pump is stopped. The
temperature of the bath is then raised or lowered until the envelope
is either hotter or colder than the calorimeter by an amount corre-

sponding to about 100 microvolts (two-thirds of a degree) on the
differential or regulating thermoelements. At 1-minute intervals

readings of this indication are recorded in microvolts over a period of

from 30 minutes to one hour. At the end of this time the bath tem-
perature is brought back to that of the calorimeter and on an integral

minute the pump is started to insure uniformity of temperature
throughout the calorimeter. The final temperature is then observed
as before.

The pump is stopped during most of the time of the experiment
so that the uncertainty in the determination of the energy supplied
by the pump does not enter into the determination of the thermal-
leakage rate. Small corrections are made for the energy supplied by
the pump during the short intervals at the beginning and end of the
experiment.
The data obtained in such an experiment, when combined with

the previously determined heat capacity of the calorimeter and its

contents, yield the amount of heat transferred per microvolt-minute,
at the temperature of the experiment. In accordance with Newton's
law of cooling, this coefficient or thermal-leakage rate can be used as

a factor which, when multiplied by the resultant number of microvolt-
minutes for any experiment at that temperature, gives directly the
net heat exchange due to heat leak. At the higher temperatures,
where a small difference in temperature corresponds to a much larger

difference in vapor pressure, the bath was kept colder than the
calorimeter in the heat-leak experiments. This insured against the
direct transfer of heat from the bath to the calorimeter by active
boiling in the lower support tube.
The heat-leak experiments, on account of the method in which they

are performed, furnish an opportunity for the direct calibration of

the thermoelements against the resistance thermometers. If the
bath temperature is measured both before and after it is changed,
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simultaneous indications of the five thermoelements on the calorim-
eter in series can be interpreted directly in terms of the thermome-
ters, since the change in the calorimeter temperature in the short
interval of time involved is small. Only the five series thermoele-
ments were so calibrated, because the indications of the others need
not be expressed in degrees.

6. PUMP ENERGY

The energy supplied to the calorimeter by the pump appears as a
correction which must be applied to obtain the total energy added in

the a, /3 and 7 experiments. As previously shown, the knowledge of the
true value of this pump energy is not of vital importance in the
determinations of a, but it appears directly in the evaluation of (3

and 7, and must therefore be carefully determined.
The pump energy determinations are carried out as follows

:

The calorimeter, containing a known mass of water, is brought,
along with the bath, to the temperature chosen for the observation.
The pump speed is regulated to the desired value. The initial tem-
perature of the calorimeter is measured at a chosen time. At 1-

minute intervals the indications of the differential thermoelements
are recorded. The bath temperature is raised from time to time to
reduce the integrated value of the temperature difference between
calorimeter and envelope to virtually zero. After a period varying
from 30 minutes to one hour the final temperature of the calorimeter
is observed.
The data obtained from such an experiment, together with the

previously determined heat capacity of the calorimeter and its con-
tents, yield directly the rate at which energy is supplied to the calo-

rimeter by the pump.
Similar experiments carried out with different quantities of water

in the calorimeter showed no systematic variation in the pump
energy rate with the mass of the water.
Experiments were performed with the pump running at various

speeds, but throughout most of the work the speed employed was
about 900 revolutions per minute.

VI. RESULTS OF MEASUREMENTS
1. ALPHA EXPERIMENTS

In the following record of the results of the measurements the ex-

perimental data have been assembled in the form of tables. An
example of the record of a single determination of heat capacity of

the calorimeter and its charge of water, over a 10° interval, is given
in Table 1. The total time of experiment over which the heat-leak
and pump-energy corrections are applied is the interval between the

!
middle instants of the initial and final periods of temperature read-

1 higs. The total heat-leak factor for this interval is the sum of the
i heat-leak indications at 1-minute periods during this time. This
factor in microvolt-minutes multiplied by the heat-leak coefficient in

U joules per microvolt-minute gives the heat-leak correction in joules.

f Numerous determinations of the heat-leak coefficient were made,
and the values observed have been assembled in the form of a chart.

jj

(Fig. 12.)

•
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—

Heat-leak coefficient

Lower curve with space evacuated; upper curve with nitrogen in space.

Table 1.

—

Data sheet—Determination of heat capacity

Experiment No. 193-U. January 26, 1929.

200° to 210° C.

Observers: N. S. O., H. F. S., and E. F. F.

Time

Thermometers Thermo-
elements

Electric power

Desig-
nation

Bridge t. e. 1-5 Regu-
lating

I E

12.21.00

12.21.20

12.21.40

12.22.00

12.22.20

12.22

12.23

12.24

12.25

12.26

12.27

12.28

12.29

12.30

12.31

12.32

12.33

12.34

12.35

12.36

12.37

12.38

12.39.00

12.39.20

12.39.40

12.40.00

12.40.20

12.40.40

2 ft

2r
3r
3 ft

4 n
Ar

Ohms
45. 2890
45. 2939
45. 4794
45. 4735
45. 8176
45. 8143

fiV.

9.0
8.8
8.8
8.5
8.6
8.7

fiV.

2
Amperes Volts

3

2

2
1

-2
2

-5
-3
-1

-3
-2

3

2

2

On.
1. 9929

20. 195
1. 9924

20. 195
1. 9920

20. 193
1. 9916

20. 192
1.9912

20. 193
1. 9909

Off 20.192

2ft
1r
3r
3n
4 ft

4r

46. 2525
46. 2581

46. 4470
46. 4402
46. 7902
46. 7858

7.1
7.2
7.2
7.1

6.8
6.8

Total heat-leak factor = -f5 ^v minutes. Total time of experiment 12.22 to 12.40=1,080 seconds. Total
time of electric heating, 12.23 to 12.35=720 seconds.

The correction for pump energy is computed as the product of the
total time of the experiment by the pump power. The values of the
pump power taken were those determined from time to time in special
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blank experiments for obtaining this quantity. Nearly 200 pump-
energy determinations were made throughout the experimental work,
and the values observed have been assembled in the form of a chart.

(Fig. 13.) In computing the results of the work on heat capacity the
values for pump power have been modified at various times in the
light of additional determinations. It has not been necessary to

revise the earlier calculations on the basis of a uniform value for

pump power, because this factor has so little effect on the final result.

A partial reduction of the observations is given in Table 2. This
includes the computation of the initial and final temperatures of the
calorimeter and the computation of the electric energy added. The
indication of each of the three platinum resistance thermometers is

o.io

0.09

§ 0.07
o
a.

a
§ 0.06

a

005

004

(i

P*"
:
^ o

( r-"S
___~

x <>

, iSSw.

SO 100 150

Temperature, Decj-Cent
?00 250

Figure 13.

—

Pump power

Lower curve with tachometer at 51 cm; upper curve with tachometer at 70 cm.

computed separately. The mean of the three is then taken as the

temperature of the reference block. The mean of the six readings of

the five series thermoelements on the calorimeter, reduced to degrees,

gives the difference in temperature between the reference block and
, the calorimeter. The observed temperature of the reference block

minus this difference equals the calorimeter temperature at the middle
instant of the series of temperature observations.

Table 2.

—

Computation—determination of heat capacity

Experiment No. 193-U. 200° to 210° C.

Initial Final

Thermometer No..
(n+r)/2
Bridge correction..

Be.

Ro).
Rq-R<s

I 100 (Re-Ro)/(Rm
1

0.010 (0.010-1) 5

I Reference block temperature
' Mean reference block temperature.
Mean t. e. 1-5 (microvolts)
Mean t. e. 1-5 (degrees)
Temperature of calorimeter

2

45. 2914
.0096

45. 3010
19. 6930

197. 090
2.961

200.051

8.73

3
45.»4764

.0096
45. 4860
19. 7575

197. 095
2.965

200.060
200. 057

-.030
200.027

4
45. 8159

.0096
45. 8255
19. 8716

197. 064
2.997

200. 061

2
46. 2553

.0096
46.2649
20. 6569

206. 737
3.425

210. 162

7.03

46. 4436
.0096

46. 4532
20. 7247

206. 744
3.429

210. 173
210. 168

4
46. 7880

.0096
46. 7976
20. 8437

206. 704
3.466

210. 170
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Calculation of energy

[Vol. 5

Potentiometer
Current
(amperes) Voltage

1. 99183
. 00020

-.00010
-.00060

20 1933
0020
0067

Voltage E=Current I— 1. 99133 20. 2020

Time of electric heating =t= seconds 720
Total electric energy=J££= joules 28,964.8
Total time of experiment seconds 1,080
Pump power watts .0759
Pump energy 82.0
Total heat-leak factor mv-min 5
Heat-leak coefficient joules/mv-min.. .129
Heat leak .6

Entire energy added joules. 29, 047. 4

The computation of temperature from the observed resistance of

the platinum thermometers is made by use of the Callendar formula

—

0=100(Re-R )l(Rioo-Ro) +0.010(0.010-1)5.

The constants R , Ri00— Ro, and 5 are determined, as previously
described, by calibration either directly or indirectly, using ice,

steam, and boiling sulphur as fixed points.

In computing the electric energy, corrections are applied for poten-
tiometer calibration, standard 0.01-ohm resistance, volt-box ratio,

and for the fraction of the total measured current which is earned by
the volt box as a shunt across the heater. These corrections are added
to the mean values of the potentiometer readings for current and
voltage. The product of the corrected mean values of current and
voltage, multiplied by the number of seconds of electric heating, gives

the total energy added electrically. An approximation is involved
in taking the means of the readings before taking the products, but
in all these experiments the power was so nearly constant that even
in the extreme case this is less than 1 part in 100,000 and therefore

negligible.

The principal data from the entire group of experiments of this type
are given in Table 3. These experiments are arranged in groups, each
of which includes all those covering a certain temperature interval.

The masses given are corrected to the nearest milligram for error in

the weights. These masses are the amounts of water introduced into

the system, including the portion filling the water line out to the

shut-off valve. The initial and final temperatures and total electric

energy are computed as described above.



Osborne, Siimsovl
Fiock J

Properties of Saturated Water and Steam 445

=3 8

2 I

tf

«

O r] J) W

bo •£ C-^
j- a £ <» o»

HiOiOOOO 1 1^ cn co cn cn mo
;ooooo oooo

e^? I I I I I

IN!M6ooo
f \ I

as?

OOB

SSgJ^2*9

«a-

C-CNCCOOCOlO OOCOCO "OiOOON<!X«1CiON lOHOl* OhiOW
^ co OS C3i 05 0> OS O>0010 00310
1^ddd =jd - <M' -' <N CN CN FH h

coMOONOO OOcOCOt"- CO l-^ CO CO
<a .... ....~0(NmN05 CO CO CO "O COOOCNStONOrom CO CO CN iO rt< Tt< ^ o

. co ccoo"'cn'cn cn"o*o"o~ o"o"co co
"CNCNCNCNCN CNCNCNCN CNCNCNCN

bo
eo CN IO CO t-h iO NN®0) i-H CN CO O t_
»> .... .... cu
tS CO O CN Tfi CO lOiOOOCO OOMOO Q.3 Ti< O ^1 -1 CO O-tfiOOcO CO CO >£ COOW^cXNh' t*i 00 t^ O O rri CO Tji CO"l......... ........ «... CU

. VO «0 IO CO Tt< t- CO •*! t— CO CO CN i-l <-*
•" CN CN CN t^ ,-H T-KNCNrH HHdN 3
•5 .a

«tOO>f)COU3 COCOOi-l IOU3COO H
g CN -H CO T-i T-i riHHN CN CO CN* i-H ^

oaesrtN co t^ o o r^- cn io o co

r-iojoicdcc
- o^oidoo o'o'o'ci

COCOCOCOCO CNCNt-OCCO t»< CO O O
t^t>-t-t^t^ o o o o >o >o »o co co

ododo~c©""oo cn ofcxfodo ocTcoco"
CNCNCNCNCN CNCNCNCNCN CN CN CN CN

00

COCOCN>0>0 COOCOUOCO 00 CN Tt" t^ |g

CO CO CO 00 IO t»" CO CO Tt* CN CN OS CO >d d<
hinoicDtC f~ O O CN ^i O i-i -<J< O rr,

100->3<COCN COOCOCOCO NQOOJiO £
00 CO cot-"CO ^i-Toi-"©? OOttco" "3
CN Ol CN !N CN CNCNCOCNi-l CNCNCNCN 5

COCOCOCOCO OCSNHM ONO* 5
CO r-i Tl" CO CO HriritOi-i T-i i-i tH* r-i CO

CO

^ tJ< O O CO 00 OhOn
© CO* *0 CO

CN tj< t~- CO

o' >o' t>• CO^<CNOO
CNCNCNCN

05 CO CO IO O CN C0COI>.i-l CO CO COO
IO ^' 6 COO O >*< »o

II lONCDCNM CN © Tt< O CN O CO O CN
II

t
a

00
CN.-I

"a"

"o
cu

3

CO

a

s
C/J

>-l

11

dodtdo
CNrH CNCOC&
t-i i-H CN CN CN

© CO rji t^.' O
Tt< H CN CN CN

CO COO IO"OHNOJ

"3 coo th o © 00 >*< t- IO r-1 OS*H
CO

a
eg

53 * 00 CO 00 ^H
OlONCNOO
CO CO CN CO O

OOONCOHCOOONOC5
CN t^ CO 1-1 CO

t-- CO 00WOhO
cot^ 00 *

. iO IO tJ< CO ^
! CN CN CN r-l T-l

t^ COTf CO t^ 001HCNNH r-l tM <

coOOOOO
-a Tf< Tf CN 00 CN
g >0 iO O * rfi IO CO CN CN <

00000 OOOO
COCOCOCOCO COCOt-CO

eoOOOOO
13 CN # X M CO
g CO -^ IO CO CO

0000 ° OOOOO
co 00 cn <*< 'SSIF'S!^
t^ IO -* CO ^J lO^NOCN
CNCNCOCN A i-Tr-TcNCNeC

0000
CN * CN O
O-^COCN +i O

OOWNCJ
CO 00 1- 000
CN COCN O CN

^OOOCOO

iO 000 o
CN COCN rfl

oiddoi
ICOHO
looo'

O t^ CNCO <*!

HrfOlWCN
CN Tt< r-l COCO

OOOOO 00000
CNrH CNrH^-t

00 23

o"o 1

CNCO-'tlt^CO COCNCOCOO^OCNO CNO —
. rji >0 iO CO IOV^^, WONH oo>oo

[r^^r-i rl ' 'i-J °

rt< o co "O m
00 00N"OO5
CN CO CNO O
OOOOOi

OiCNOOwohioo
1-1 CN CO CN iO

o o o' c> o
OOOOrHO
dado

«S^'4^
s*

t-~ r^ co co CO-*i-^i-i —
1
i-l i-H >—

1

Vnnoco
00
co^-i

CO Tj< "rt< 1-1 !-< ^-1 T-l T-(

OOOO 00

r-^'cOCO

1 CO IO IO _icoooo ss§;
>CO CO i-H T-l 1-1 <

CN CN O O O
CO CO -^ tji CN

1 O O OOOO CN CN CN CNOOOO
OCOCC—i-^l COCNiOCN WVOO s a

>>>>>> to 00 BO be bJD3333
« © ffl cs o
pa a a a a
3 3 3 3 3

>> >> >> >. 60 bo 00 bo cuo

3 3 3 3

1 1 1 1 1

IO CO t- CN >0
co co co -rr Tr

<<J<^1< «<<
(iirtN ce i m c5
TjlTjllOlO lOlOCOCO

p;~p;~;q panpqaeQ ««««
lflCCNCOci
CO CO CO CO CO

CNIcA^N
Tf Tjl t}< IO lO

IO CN
>iOCP'



446 Bureau of Standards Journal of Research [Vol.5

53

^3

"a

3 8

2 I

tf «

>i * s «

a > p,g

S&2

H*

_ o >>
u.

o
Eh

OJ

3
©

o cj

g o
a;

^0> r

59-

O m

lOrtHDOOQ NCOfflH Tj4 00 *0 <,OOOHN r-iOOO HCOO<looooo oooo ooo<
Or)((NOOOi
OOOOO

I 1 I I I I I I I I I I I

t^t~r^j> t^r~t^i>.

<u
~2 •* O GO i-l t-
5> iC itl -*4 CO iOONNN
*-> - .. .

• O0O000CMCN OOOOO

COINt^iO 00 00 -* •"*!

irf 00 cn CM CO CO cm fiOOOt-- t^ 00 CO COo o o >o >o>o' "

<M CNCNCNCN
OOcOco"

CNCN CSCSCMCM

O O O O CN OONCSO r-4 00 CO co

!oi-h'c^c4oo i>-° cn i*< o cn 06 co cd
CD t~- CD i-4 O 00 O CDO -*< O i-t tr t>- rH i*

i-^ccgocn oooco"
CNCMCNCN CNCN.-4 CN

SMO©0"5

gi*4Ot^CN00 CO0CCN->*4 i-<Oi*4i*4

"Si CO CM CN CM CO NNMH CNCNrHi-4

COOllfllO'* lOOOt^ f^ r-4 CO CN010M» i-l O O O rHOOt"N©N«S t- t-- l> t- t^t-CDCO

i>r^cococo ->*< -* O 00 t~ "O O CN

co i-h >*< o cd t>co-*cD o cm * »dt^OOOO i* -*< i*< r-4 i-l CO t- COO t> t- i-4 t-h O O O CO cOCDt^t^

oo"oo"oo"'cn <>f o o o"o ' o o co"co
CN CN CN CN CN CN CN CM CM CN CN CN CM

bo bi>

<3 OOiJION CNCNCOCO NN^ffl <3

ft oiosjoSh oocdt^ co^coeo ft
CO CO r-4 CM r-4 CD CO t^ i*< CD 100(0 10 ra
<D CO lO t^ CO CO lOlOHffl CD ij< i*4 00 CD

3 ooooodi-Tof oo"o*'o'~i-h' ooVm 3O CM CN CN CN CN CM CM CM CM CM CM <N CM o

g -g

H HOOON* co>o-<*it^ OC0050 r—

I

g CO CO CO rH t-H CNCNCOrH HHriri £*

u^CDNOO t^t^OO COiOOCO £

"B O CN i-4 CN O lOHHM CM CO CM 00 9SgoHHM oowo 00000
||

•4>>rH t-4 l-H 1-4 r-4 ,-|>-4i-HtH T-(r-(r-4 00
ki CO CM

.§ 5
G-0 i-4 i*4 00 00 if lONHtD Tf4 CO i-4 CO °
<u .... .... CD~ CD t^ CO 00 if OOOOi* NOOO a3 CM O O Tj4 CO lOCCNH OlOOCtN ,J5
.O CD If if O ">*< 00 CO (O O lO CO CN CO c3

• 00"00"00~O CM Z<00 t^~CN O O O CO" ^
•gCMCMCMCMCM CM CM CM CM CM CM rH CM g

WOOMO OOOiON

CMCM-^COOO i-H t^. t}4 o O i-4 i-4 CM

Oi-4cot>:co doNod r-4'cdo6cM
OOOi-lOCD if £^ CO O NHCNlO^OiOCN Tf -5f4 O 00 »OCOCOt>-

o

885
CO CO <

!S8
>t^ CO

OOOOO oooo
' CO 00 CO CO -<ti CO <

00COCDCO00 OOOOOGOCOlOlOlOM CO CO >o CO

.CMCOr-4U0^4 O IO T*l 00
oo

II

roo3

57

O 00 00 CO CO
co co i-i co r^
1-tNHCOlO

Tf CO CO CO CO CO •

r*4 O CO CO O CM CO CM
no S3
iCO o

i o o oooo

ONHitKN
.N^HOCN

CO "5 IOH
INH CMOOO COO

CM CM CM CM t

SSSOOOOO OO OCOCO

* ->*4 t}4 CO CO

t^ t>- 1~ t^- t- t^- r-~ t>. t^.
CM CM CM CM CM CM CM CM CNOOOOO OOOO
Oco'cOCMCO CNiO-t^-"!^

a) co a> j^^
§ 3 333

CM CN CM CNOOOO

bD be bo ojo

3 3 3 3

t^ t^ b- CO CD CO CO CO i—l i-4 r-4 CO CD
OOOOOOCNCN OOOO OOCOCO
t*4 Tf4 1*1 CO CO i*4i*<i*(CM CMCMCOCO

t^ t^ t^ t^ t-- t^t^t^t- r~i>t>-t^gCMCMCMCN £J£J9N£J CMCMCNlOOOO 0^> Oi Oi t

a
J^ij^jJbD
3 3 3

bObcbtbu
3 3 3 3 3

OOOOO oooo oooo
lOONMO Oi-<COt^ OOOCMCO
co co co i*4 rr< . rjnoiow loirjcoc©

lOCONmcO O —
I CO t~- OOOCMCO

COCOCOTJ4T*! "^lOlfllO IO CD CD



Osborne, Stimsonl
Fiock J

Properties of Saturated Water and Steam 447

ONNM OOlrtH •HMNN—iOO —

1

oooo OOOO oooo
III III

41.

708

41.

705

41.

691

41.

685

41.

688

41.

707

41.

699

41.

709

41.

687

41.730

41.

691

41.

C81

o •<*< t^ io 1-h coo» o ONOico
CO -C" N CO
T}< •<« CO *o
00 00 00 —1

Tt< CO O N
CO 35 OC COOOOO

QCO —00S NCM —
CO CO 00 00

OC 00 00 OI
OIOIOJOI

CJOOiO
<NCN tNCN oSojojoi

rtW'*'* CD t"~ O —1 cooo t~- —

1

->cM CO -rf O
CO CO O 00

O i*< CO ONiO"ONO — O r^

oo *»< coo
00 O —I o
fflnoN

O0 MOO of
CMCMOIOJ

00 03
OI OJ01O1

lOiOOOO O'-HO'H
.-Hoi — oi

NOMO
ssss

t^ t»<0 NOONO O CO OM-O'OOO OOOO
II II III

41.

685

41.

677

41.

696

41.647

41.

695

41.

676

41.

679

41.

722

41.

681

41.

703

41.

673

41.

663

28,

903.

7

28,

900.

28,

909.

3

22,

210.

1

29,

158.

3

29,

147.

2

29,

148.

7

20,

740.

20,

727.

9

20,

734.

2

23,

884.

6

23,

880.

7

MOIMH OCOOOOO oi »o OI -^

28,

602

28,

656

28,903 22,418

29,

547

29,

493

28,

668

20,

737

20,

601

20,

709

21,817

24,

247

CD iO CO O
co-cHco'oi oi co co tA

00 000—1
CMOI — 1-5

r*- CM —i t~ -f M M N C O CD CO W CO

88008 88880 S088
'

\ \

'
'

\ \
'

\ \

OjOOI-OOQ OCOOOl-l
CD CO CO CD 3 COCCOCOO

CO O^OON

t^^HO^H^H i(3«3NOO CDN")^
i-^ <o 00 00 -* oi oi ici O 1^ — 00 1^ t~~tptoiONH —1 — — o 00 OOtj<-<<O O O CM CM OI OI OI CM F. t~- t^ O O
ooooooofo o^o-o-o-o do'cjrf

""ioio) ojoiotr-'CMOI OI ( 01 OI CM OI OJ O* OJ OI OI

CD OI O CD CO lOONOO) NNiCN
oit^oii^^ co — — 06 -^ — o co o
OOQCOCCCO H CO O IO H I - I - CD -rpCCMOOIH 00 O O O l~ »o co o o
oo"ooo"cfo~ o"oo"oooo~o o —'ro'co~
OI OI OI OI CO OI OJ oi 04 OI oi •

OOOOINN CONtJiOcN CO «0 O CO

oico-^oir-i oi oi oi" oi oi HrtNH

O O O -CM

oi Oi CO ^00 00 o o

IO CO

oc* 00"00 OJ

0000OOOO
CO CDOCO

CO 10 10 IO

t^ t-: co -#00000
ON NNN00 CMCOOOI

(^ 00 -^ COOOO00 NO0COWH OOOO00 '~l

8

CO O CO O OCOCOO
— -c*t^CM OiOOOOlNOM CO >0 JO -^

00 O O <

cooaoa?
CMCMOIO} OI COOI

ONOH ^
o~o*co"^ (*
CM OI OI OI j-i

OWN-* U5U5NH OI—ICO^H
COO -cf OI0-*0(N
10 00 CO

CD—l-cKN
-*i O t>- -* 1

tH CO IO CD
oi — couolOONH

00 00 00"oT
OJOIOIOI

O O 00 O
OlOlOtOI CMOIOIOJ

e Ot^OOOOCO OCOH^CS "3 0)-*>O
8 —Ioonnoo co o o cd oi ^Hodcd^4
II

0000OO00 OOC00000 Nl~00I-

S22.10

t^CDOOCDCO ©CONfflOO COM
00 ^ —'

t-' -* Tt< 00 00 O oi 00
ffl H M CO O) H 00 CO O CI —
NNOICOO WOONCOO' CO CO OI OO t-

8
II00

t~- co

cj

oiw^ °

CMOIOIOlCO OIOIOS.CMOI OIOS.OJCM

<5 QOOQO OQQOO OOOO M00000 00000 oocoo <:
CD CD CO CD CD O O O CO CO O CO CD CO

lO >0 CO CO CM CO S

OOOOO
CO 00 00 000 'OOOO OOOOi^VCCl Tt< CO 00 TJ<

' Tji O CO CO HNCOH

i"ONN O t> O —< ftfT

1000 — 00 -^ —i 5

iOQO Oo'o'oSS
iiflioia 10 -<ct< L- 10 "•L^1

I OI O IO

ISO'S

O00 CO CO
CO CD — CO — x v: .-.

i-H OI —I CO OS CD O IO

iCJlilJJ —CM COO!

1-1 O00 >0 CM

— 10 OI t~- o tCCNO lO <OOOOO H(

- OJI>- CO ( N (MCOOOrHrH

?2

lOIO'O'O NCOCOOO 8

0000 0000 0000 10 0000 0000 0000 35 00000000000000 ^
"Cf" ->c" TJ< CO CO CO T' •*< -*1 -*1 ''S1 CO

I
lOlOUJ-*1 TflOKSlO IO -<Ct< UO IO J 1OCOO1O IO CD CO IO CD CO IO O CO p;

|>. I
s* f— CO ^^*rJ1^-t y—i*—<T-1 r—

I

c3OOOCO lOtOu-^O OOOO >— — — 00 0000 000000 £
t^r-'r^co co'coco— — — coco 5
OOOO00CM O.CJOO O O CO CO rt^^>*M ^-¥^"01 OJ.CMCCCO .2

Tf ^ •«** i-l

IO 10 to o0000 88S?
t-t^t^CO-<*< -<j( rt< Tj< M< •OOOCCiO 1O1O1O1OChhhooO OOOO:

^S NNNOW CO C

e 00 00 00 OI o O :

rfCO'cK tJ< tj< "CTl -^ OJ CM OI CO CO

n t^ i-~ t^ n t^ n t-- N r^ r^ n
OIOIOIOI OIOIOICM 05010103OOOO OOO Oi CjOOO
O CO CO OI NiflSW
^H — _ r-* OI OJ OI

333=3 333 =

2 ^§SS Ssolo5o5 o^olo5ol
„. _. C~- O OOOO

3< OCOOCO tNONIS M^OIO
g — — — ^n CM OI OI ^

tLtLiLtS)
3 3 3 3

k a i « WWHW w H

1

lOCCNCO O-iMN 00 O '

CO CO CO ^ti T}i 10 kO U3 u'j 10 CO co

be tic bo be
3 3 3 3

pR^fefH fefeHpt,^ t-L^i-ii

lOCNi)< O— COt- O0 OS CM CO
COCOCOTT TjilClOtO lOiOCDc5

2 OOOOO 00000 oo<

O co'coco of COlOCOt^CM M^OlO^^^r^r^ CMOJOIOJ —

SSr ^^ >>>>>>>>ti bibobobo

§§§33 3333^ =333

500 OOOCO OOOO
-—OS O — OI CO t - OOOOICO

CO CO rr CO T IO lO lO IO IO IO' IO CO CD



448 Bureau of Standards Journal of Research [Vol. 6

o>

-d
I

rt e

5 d ®J2

galas

.a m <»

M.

9

E-rS d

-2 o S d
Od as
els a

EI-

2*

CC00OCMC0 (Mi-Mr-ICO

^SSSSS ssss
cor-o
:SSS

I l l l

.t- CO >o CO CO
Jl-- O 00 W O
, CO O CD CO CD

ojHOIO^O WOWlO
3 CO CO CO * 00 00 00 00 CD lO CD i-l r-H©OOO CO tN CN CM CM 00 0000OO

eo^MOCNiO -*CM-<tfO O t- O O
"Si>^coo4oco t--^ o oi i>-' (NCOONSON^HO IC O O O i—(t^tJ<»0OMHCOOH 1^ CO CO CO QOCt-

ca CM CM (M «0 CO

S co *' co ci -*

t- rg t- i-H CMO O O CO rHOOOOO OOOt-ioooo
o at io i-h
r-ICOOCMoooo

II III

41.

673

41.

670

41.

673

41.

635

41,

654

41.

667

41.

669

41.671

41.

678

41.

656

41.

705

41.

661

41.

645

29,111.9

29,

110.

4

29,

111.

7

22,

420.

2

29,

350.

29,

356.

5

29,

357.

5

20,

936.

7

20,

941.

20,

934.

6

20,

948.

7

24,

093.

9

24,

088.

1

CM tO CO 00 00 CMOIOO co co co at

29,

668

29,

389

29,

497

21,

568

29,

713

29,

341

29,

907

20,

187

20,

995

20,

863

21,

002

23,

276

23,

731

CNCMOOr-1
CO* c4 tA co'

t-< CO CO CO

CM CM CN i-i

^ co CO o iO CO OOt^CO-tf

a> o •* Tji

00 00 00 00

oooo
t^ t~-'t-^ at

) lO 00 >0 CM CO t

-#t^HON rH O CO CO OCI 00 <

i O "O 00 CO CO

HHOCtOOJ
t>- ID CO t-

' COO
CMt^ COM
-* LO r-( CO

C000OO00 O00GCC0 COCOCDCO

*^-*r^r-<cM at o ^h oo ot>->oo
o' t>^ CM CO CO Nuoodd CO rH CO* lO
co o o co cm tjinoih o co o co

OOOOO OOOOO oooco
CM CO CM CM CO CM

CcOOOOO oooo oooo•^ooooo OOOO O O CD o
g CD O CD O CD CD CD O O CD CO CD CD

OOOOO OOOC

r-j

ccOOOOO oooo oooo o'WOqOTtlO'* -*-*lCO0 CO -cH CO "* i-«

g CO lO * lO -* -<*<* CO CO CN •* CN rH

<U I—

<

°Q 00
00

MOiHiOH KHOON CO 00 00 t^- t^
r- co o cm cm cdoocooo rHr-icooo ~r

. O "# CM t^ O CO CO rH O O CN CN O °°

,~ CJ O O O O OOOO OOOO
cooooooooo oot^oot-- 00000000 00

001^

R"

OOOOO
00-* 00 *
CO -* lO *

ooooO <M -* CO
IO CO -# CO

oooo

90.

269

89.

743

90.

333

90.

341

90.484

89.

879

90.

355

89.

551

90.

006

89.

981

90.242

89.

928

89.

938

cm r- O -cf f-COO Ot^ CN
. O O O xfi CO

ICOHH OCtNiO
1 2? cm cd at coat at
I O 00 O OHK3H

KJiOWO ooooOOOO OO0000
co co co rH hh'oc . - t-- CD CO KlCOWrH rH rH !

-CM ^t1 ^* CO "*

. r- r— t~- Is- r- r~ r- o- 1— i^— t—
I C<1 CM CM CM CM CM OJ CM CM CM CM1000 oooo at at a> at

rHCN CMCM
I CN CO-* O O

§§'
>> >' >>b0 MMbJM

a 3 3 a
>>>> >>;>>b£bfi

s ^
be be be be
3 3 a 3

10 O S -J< CD OMMN OOOCNCO
co co co m -j< io 1-1 10 10 wmoo

^

IOCONtI*0 CN CO O t— OOOCMCO
CO CO CO *J< Ul, lOlOlOlO IOIOOCO



Osborne, Stimson
Fiock Properties of Saturated Water and Steam 449

r-l if CO CM CO HiO^O HOIOO*© i-H O lO © O O CM CM © ^* © -Hooooo oooo oooo
(

'

(

i

'

\

'

'

\

'

\ i

00 .-H © w © CO-fCOCOCM ©©©CM OOCMif©
SSSSS S8SSS S8SS 3823

I I I I

l i-H MOOCN -HINtOOtO
i CO CO CO © CO CO

CO t- y-i CM © ->*< iO CM .-H O CO CO CO

00 *C O ©' ©' N^dci CO CO © CO»00>00 ^t t? :« :-) NOOON
riNrtlOTll if if O O O O i-H >-l

©"©"©-CM"©" OTflfr-j";
*

CM CM <N CM CM CM CM CM CM CM CM CM CM

' 00 CM CM CO 00 t- -tf< CM O "O lO CO

CM 00 © if CO S) :o 'C lO M *Tf*0OCOCOCOCM — CM CM CM r^ 00 if if lO
CM CM iO "O rt i-lCCCOCO© © rt r-i rt

CM I- CO t^
Tf t- CO >0

i © ©© —
< i-i oo

CM CM CM CM CM
-« CO CO 00 © © Q<
CMCMCMCM t-( i-hCM(

© CO if © iO *o 00 Tf t—

© © ^* i—<
i—< © t— © ©

conn
OCOHO

MNHO:
©CO© -^ .

CO COCO CO c

t- © 0C 00 I

CM 00 CM lO CM 1*1 Tf CO CM © © CO i-H

o'cmcm'oocm ^r^-^o .-« t^ eo o>
OO CO t- CM 00 i-i O if t- t- iO i-H ©
•* n n o o o oo o oo if oo co r-

-Toci"©©" ©©""©'©" ^H"co"t^."cO

ev, _ ,_, _, 10 ©cM-foo ooo^o ^
^•^MNM CMCMCOi-i "t-Ii-JiH gg COCO CO CM CM

00 CM O O >0

•cm • •

f

HifO^ 1-< '

©iff cm©

II

s

CM CO if © 9

© © 00 00 CO

CMt-OOf-t- COiO-sf©c © © CO CO

©i-HTf t^©©©©
Cj

IIo©

722.6 388.

1
582.9 814.7 999.0 781.8 943.

5
090.6 279.8 118.0 910.2 448.4 071.3

© © © -H 00
CM CM CM CM CM

© 00 CM i-H

CMCMCMCM
1-1 © © if
CMCMCMCM

t- ©CO CO t- HHXIOOl ©00 t^© co t--»o if

Tf CO © >0 if
Tf f— **l t— ©© CO t- I- ©

CM © I- t-- i-h© CM © CM 00
rf ©CM if 00

T-H ©00©
^H©CO00© t- © t-

© t-00©
CO if © ©
COt- CM©

CM CM CM CM CM
i—( © © © ©
CM CO CM CM i-H

© © © © rtCDNCO
CMCMCMCM

©co © © co © ©
>©©o©
» © © © © COOCMCMCM CMCMCMCM CMCMCMCM

lO 00 Tf if IO

©©©©
CO rH CM »-l

O©© o©oo©
)CM Tf if CM (

t- I- t- t- 00 <

© O CO O _,_•

© OS 1Q CO rH CM CM £-z::;no cm —i © '

X" CM ir © CO ©CM©
1C t-if ©

CM CO © © _© S
rH © © © o © ©
^ 22SS2

t- CO IO © 00
CO CM CO CO i-H _ .

CO CM © OT CM t- CM CO

888
©©©

cni £- CM CO i-i

©'©-©-©'©

if © -*f t-h if ^< CM CO
it< Tt< tf >o ©CO-Ot—©OC© hn-jih
©©O© ©©©©

SlOHN .-< CM CO CM

CM i-< CO CO X<

©©©©© OSO OS© !§SS 8885

N

©©© CO 1Q IC IQ © © © © © ©"HrHXO ©©©©
r^^n-* Tf Tf CM CM CM <

ooicmo, t- Tf© IC i

.-I ©c
t^ CO <

rfCOCCMO 0'*'d">tl CM lO lO CO i-H

8 ©©©CO CO©© CO CO CM CM CO ,_,©©©t- t-t-t-t- HOOM "3

rtin>oio« cot-t-t- *-<©©©© t- t- t- © ©©O© © ^ i— ^H
CMicfrfrfCM CMCMCMCM CO -tfi rf Ui

t— t- t— r— t^- t- r- t— t— t~-

, CMCMC1CMCM CMCMCMCMCM© © © © © © © © © © © © © *5 © © © © © © © © © ©
t- t- t- t-
CM CM CM CM©©© ©

Sh 9" i-^CMCMCM
t- r-i 10 000

6£ CX tD OX)

3 3 3 3
<ZZZZ

> > > >OOOO

lO© t- -<f ©
co co co icp irj

00© CM CO
to >c© ©

I I I I I lllll I t I I CMCOfiO
co©CMcoco ©t-sec Ssgi; rH ^!^HCOCO»OlO>-"5 © 30 00 © © ©©©© rtHHH



450 Bureau of Standards Journal of Research [Vol. 5

QP

5 I

O A © CO

3 > 83

£ bo <x>

©£.s

EH (CO

+a O cp «

sua

sa-

3*^

MOHN OCOf-O NNOO -^fr-r^o

*888S 3§§8 §888 BBSS
1? r i i r

*

" r f

CO O00 I>- 0)01

Tt< "* Tt< ^ T+l •

lO CO «© lO (M

ooooo
00NHO5NO O ^H O i-lOOOOO 23 ;=! rf ^ 2SO O O i-t oooooo

III II III

to CO CO CO 09

lO * 00 00 lO
GO 00 00 CO tOooooo

O O O0-* o>OONNOOo o o o o
TK^TH^TJH Tf T^ -^ Tj< T^ **< •* •* •<*< "*1

ijO^^lO —IOM
<u

io o o lOi-^or^ ococo'iooin** 100ONOHHlO

"tflCOOOCO OCOOOOO
noo^oo o o t^ io * o o r- i-h t-iQ O "0 * Tf -*i ># •<*> O O O O O) 09 00lOiONWM o o o co co co t^ co co o

»oonio oooo «<*< o tjh co o co *o i

"sdd^'o ioioo»o cd o >d id o o co'

;

~3 o r~
O O I I CO O 0)00000

-*0»00 NNN>ffl OOlCMOO
oVjo'oih r-Jo'o6-*o Ot^ldt^O©TfONcD r^ o o o r- w^oioraho:hno oo*«w ionomn
o'~o"~c»'c-r.

I
HrHlOlO Tt>UJ100 OO-^OOOO INNO OONNW

3COCOCOCO COCO CO CO rHiH

I I

00 IO CO CO * CM i-l i-HCXl CO.

I I I

SOrHlOlO TtlOOrHt- CO O CO CO fr- 00 O O
S >o O) id d o co cd co' rA cd ai cd -^ o co co
O 00 I> t> OO OOOrtO KiHOO i-t OS o o

co co i—1 1— oo co cs i-i t- oo -^oooio a
II id « <* as os oo oo cd i-J th r-i co' id op .-i biOO iONNM> OOOOO) CTJ i-i O O O ,,

rlZ? oo^ 22
-tf t~- CO CO HOW' lOOHN -# O 00

'

I OS I—1 Tt* "^1 I—1 i—I
' i-i r- co

U0 coco t^ t^

i>- ocooso O CO O i—I O* lONCOHH
ioosi-i jh—i i—1 b- OS 00 OS OS OS OS i—

i -* •**< O
CO COCOCOCO ^rt^Hin CO CO CO CO

=oOOO<
>a o o o < 8S88O O CO CO

>ooo oo<
ICOCOCO CO —I . CO CO CO CO CO

coOO<
-a O 00 I

g io co i CO 00 OS 00

OOOO OOOOooo^o coco^^f
CO OS i>. 00 osot^t^ r- co co m co t"-OSI 000 COOOON

co o r^ colOONO
• Oi-iCOOS

MtONN HMOM
1^ CO CO O lO CO CO COO 00 OS 00 ©sooo

OOOO OOOO OOOOS OSOSOO t—tr-(
CO CO CO CO CO '

E5"

NMffl 00 O CO <

o oo

O >* —< -* .-I CO c

TP ^t* lO OCOiOlO O O i-i CO xF .

Tt<ON(NN CO 00 OO CO Tjl NiOOtJIM
00 00 t^ Tf CO tOOOMOO) lO -i* O K0 lO
CO CO O CO O OCOrHN W 0)0)0000
o o"o oo dddoid o" o o o o
OO OO CO CO CO CO 00 CO CO CO CO CO CO CO CO

COO CO O 00 O t^ NHWOMOiO OS ^t1 CO CO CO O lO CO CO CO
lOSi-l H xj< M 00 O) 00OOOO

51

OOOO OOOO OOOO odoo o ooooo ooooo o'oOSOpOO^O rt^H^r-< ^Hr-Hi-Hr-I ,-,,-H,_l,_l CO COCMCOl-ICO OJCOCOr-tr-1 1-l—I^HCOCO

r-1 r-H O O 0)( i-l i-<000 i t- l^ NHOOM
'r^t^co^H hkjioo cot^t^i>- i-hooos
0000OSOS O) t~ t^ t-- OOOO O i-< i-i i-l

TM-^TfCO CO Tt< Tfi ^ C0COC0C0 CO^-*-«Jl •^coco coooif-^TTi

CO CO CO CO CO
r^ t^ i- t^ t^ r- f- t^ t^ r-- t^ oo oo oo i

OSOSOO OOOO OOOO OOOO 3

1 i-H 1O00OH lOlO!
i-l i-l i-H CO CO CO coco

OiSHio 00O i

>. bfl bo > > > >>>>SOOO OOOO bbit>>t>>> >
13 ooooo o d d-S-S

h3 hJhJiJ^ i

T
!

'T
I

'T
!h

l

O) O O O ?-i i-l 1-1 i-l
ooocoo ot-~oo
CO CO «3 »C OOOOOO

sssss sssss ^?§3Soocicdoo t-~ooioo r~ i-i rH t-i 1-1

comioioio oocoooo ohh 1-ih



Osborne, Stimson
Fiock Properties of Saturated Water and Steam 451

oooooo
'

\ \

'

'

BBS
\ \ \

—OOOOO OOi
t~- t^- t- t~- CO CO l~-

t^ t- r~- cm oa o
rH rH r-i CO Tf T}.

oo co co o r-

re r-1 w r^oiO CO CM "-1H
rj. GO •*»* -^* oo

oooooo
CM CM CM CM CM CM

088000
00 >o c

80S

rnOOOOOOO —1 00 CM CO COO ^ -1 CO M C! MnMOH
r~ t^- t- co t^ o t^ r^ t^ r>- 1»

NCOCOOiO

co co co f co o
OOOOO o
CM <M CM CM CM CM

CO CO CO 10 10
CO o «o io o
O CM CO CO CO
CM CM CM CM CM

!— o2co JOcooo-hoo
'0S00 00080
III 1

41.

699

41.714

41.

704

41.

690

41.636 41.721

41.

757

41.721

41.

704

41.685

1—( CO Tfl T$< O CC^rlO'*
co .-< o co 10 10 o
co co o co co o 00
t»< Tf co i - r~ t-- .h

CM CM CM CM CM CM CM CM CM <M

CO CO IO CO X Oc s x l~ x n
rH O i-O CM *»< CO

.-<0<N 00 CM

NONI'N
OONMN

rtONOffiiO
10 —• r- o 00HINMOfflOO

cooiNaOJCOMCNNNMOMOO
05000

CM CM CM CM CM CM
1 CM f- CO CO

"ioonio o^oioh
lOfONodic »*i 06 00* cm -*<o 10 10 00 co wfflona
IO O CD O O NNMON

CM CM "-"

lOOJNMMcS CO CO O CO CO

HNri ^

OON^NOO
o * o' CO t~-" r>"oooooo

o co o o *

onioooi

CO CM CM CM CM CM CM CM CM CM CM

8
II00 ^y

O ^h CO CM CO -^

CN CM" l" CM
-

CM* CO

1 ' 1 1 1

cot-r^o .h

hNh 'cm

1

CM

!>

E

"8

NONCMOJN IM O CO 00 00

10OOOOOO O rH ^(-. (^O i-H O rH rH

•"* r^CMrHCOCMCM ONN
<D
H co co h< co co o 00 >o CO <*

r"""i fONOOCO ONCOO
t>

CM CO O t- etNOCNN
5fflg"go"o" S?f"5:

COO-<*lf^CO COCOt^COt-
CM rH 1' ^H CM CO CM CM CO

I'll II I g

tOCOrPCOCO OCOOCMCM

OOCOCOOO

CO CM CM CM < CM CM CM CM CM

rtCDNOOO
op" CM" CO CO
CM CM CM CM CM

CM CM CM CM CM CM

OOOOO OOOOQ*OOtiO OOOOO
iHCMCMrHCM CMCMCMCMCM

O O O o o o OOOOO
CM CO O CO "t* -«< fOCXifO X N 30 t» N t^ CO —1 CO r—

rvivr ^rrt*cM"rt

CM CO CO O * CO O CO CO o ooacowNO! coooo-hh
,_<_,____ _ _ ,_, CM CM

OOOOO OOOOOO CM OCM CM
00 o 00 o o

_ J CM O CCONOIN
: to CO O X XO^«H
1 O O t^ O OOOOOC X co CD O X

CO X CO <O CO —I ( CO 00x00

1-^ O t— CO o oX -t >0 CM CO rH
CO O 03 CM O CM

O O O O O O

§ §

H/i t^ "*! CM O OOONOIN
00 CO CO O CO 00 -h —< -h rHooor^o 00000

OOJOO' C55C3 OOOOO

OOONOW COCOCOCMO
CO CD IO O iO

t>- O OS O CM CM O

CM O t^ CO O O 00 CO CM OHCDNHCO
CMO rHCMO

25 00000 0000c

88

1 O O COO CO
• CM IO ic CO tA

it^t~t>- r-

iCONN t>- — O O O
:0 -O -O CO^rHH

i !N CM CM (MCOVTtc*

•a 88S t^ thOO CO

<*i "f -"rr CM CM CM CM !

'CM >0 UO rH

lOiO"OMNNNNtDO O CO O rH —
-<*< Tf Tf CM CM

-a00 >

cm cm eg .1 CM M CM CM CM CM CMO O O O O O OOOOO

|ooooo Sgcrg-i

tim<LX^ t
k.k I csiw >* ub

CO X O 09 Oa O O^m^h
118793°—30-

. r- t^ oc x x x
I CM CM CM CM CM CMOOOOO

I O « ic o c_ r-< — CM CM

OOOOOO Sec-c-> v_i w w *_> <~> ^'TJ'ZCJOJ

oooooo o???9
.LoocUoco jlSSSS
00 00 Ot> OS OB 00 O " M rH rt

Ol CM CM CM CM

OO rH IO IO

t^ t^ CO 00 CO
CM CM CM CM CMOOOOO
CO 00 O HH

00000 003 C'S ©

PhPMPhPhPh fHfH'^^
CO O Q CO "O Of^r-l — -HO&XOOO OOrnr-lrH



452 Bureau of Standards Journal of Research [Vol.6

o?

CO "»

P3 «

s«2 So*

&5

<X> c3

o o

111
8-i ®,cJ

CCi CD ®

PhS~

«g-

I^OOO COON <OHCO i-H CO i
- _>ooo ooooo

1-3° ' I I I I I

CNCNOirHiCOINONMOOOOO
' '

\ \

'
'

\ \ f I

Ol-H i-Hooo

NCON NCONCDCO

co co r^ cn i-i cn ©cohhco
<uS^nNoio «o co i-i * co3 CN <M CM CO m -* CO -*1 !>• t^OCOCOCONO O O CO OO 00
<^-> ........ .. » » .. >. i.

• O O OS O O OOCNCOO
*J CN <M <?•} (M CN (NCNlNCSlM

ooNHNOlCO COOQN
«i>SN00 1ONH 00 O CO CO IOScoMHifN CNNU3JOH

OCNOO-H CONHlON
od eo id id os ccdoiNirfO i-H O »# CN CN CN i-H US tH
t> 00 GO O i-H i-H HO O O
&CNCNCn!<N eSCNCNIMCN

t-hcNtH^oO O<N'*00O
i-i rt< id id co ooodt^o"lwooao Ncom^N

oooho oocqcoN o ooooioo hcsnsdn
ScOC^(N«NCN <M <M <N IN CN "-» CNcOCNlNCN CNCNCNCNCN

ShOC0 00"0 Oi-Hi-HOOCN

"SCNCN l" |"-H ^-*(N
•S, I ' ' I II

0OCN I r-H i-H HO'***
l"
cn -hh id c<i ' i-i

I I I

SOOO»OI>. NONOfl
"soo'-^oo onicooco II ooooooo ooooo <-> <-s o.^^H^ rt HHrH ^g I-I

OOCOCOCN ocoooeo
' o cdocoo O o o

8
IIoo

OOOHCO CO'HHCKO©OOHMCS CO lO IC •HH tH
co CO CO CO CO CO CO CO co CO

Hiir-.rH'HHCO IDOlOliJiH
odt^co(Ncd os id cd oo' oo'
00 OS 00 i* CN 1-hhOCOCO
05"05 OSi-HCO CO CO t^ CN CN

oToTos i-Ti-h" i-Ti-H(>rt-^i>r
CN CN (N CN CN CN CN CS CN CN

or^coio-* Tfcoocoo
o'cocdcocN •<}< co id *h t^OOOCOO -*NNC<300>O)HH« *HMCOCO
CN^^ScS CNIMINCNIN

t^. IT5 CO •«* i-H OS"5COl>-CO

CNIMCOt^CO OCNiO"OiO
id os os id id id <ooo oo t-» o oo oo o o o oo o o o jq j

eoCOCOOCNi-H COCONHM

O OS iO i

• o^oToTi-To o"ocN~coi>r
"SCNCNCNCNCN <N<N<NCN(N

NMONN OOO-tfOO
f)NO>ONHM00O1N
iH OS i-H IO 00

o
OS

TH i-H CN O* co-tf t^
OSOi-i-H

OOO O O Q o
CN CN CS CN CN CN CN?5<N?5

i-HOO<NO NHINtOO
-£ <N t^ O O (N* "d 00 h4 00OD-HNHlO iO OS CN CO OOOOMOH MONNt-

g 888S

8888!
CN CN CN CN (

JOOOO OOOOi
<CN!N<N(N (NCNCnSi

'OOO OOOOO
ioti<o o <* o o *KNrHCN <NrHCN<Nl-H

§§§§§§ §3^83 "J S88SS §88£8
goooor^ooco CONOICCOS ^ OS00COCON O OO 00 O 00

mooon
<f IO OS -H
.lOrH

oo co oo t- i-h lOmtoN o hh co i-i ioKM-HINO OOlNiOlO-*
CN O OOOCNOi-H II i-H<N<N.-HO t^-^HOOCN

ooooo oo<

°> COCOOi-HO OOHOtJICO ^
i-H CN -<* iO M< NXCOCO „

-,"_, HNOffiffl 00 00 00 00 t^ I

N
COOOCNOCO COOCCCNOo^cot^r^ cocoiocio.*HCONO O O <N CN O

co cn os oo co omosNH
HH "0 00 "# CO iO OS iC CN COmnmlNO M9NOH

>ooo 2s OOOOO OOOOO OSCO
I 00 t>- OO '"H i-H OS O O 00 00 0000000000 r-1 rH™hhhhh

^Nl

M"OMtON O **! CO CN IO
i-H CN i-h CN O CO CN O iO •*
i-H CN CN i-H O t^rJiOOCN

t^ r^ t^ t^ .-I oo
CO CO co o-<*<OOOCO o
Os O O i"- r—

iocon t^ r^ h o o

CNCNoJl?5!N c5cS?)CN
,

C§o o o o o o o o o o

o o o t~ t-- t^ r^

lO"OlO«N NNHOO
t^ t^. t^ CQ CO OCOOHi-H
TtlTJlHSlN (N<NCO-H<TH

o o o o o o o O o o

dxj a

^^^^^ ^^H^^HH
> > > > > > >OOOOO O O ooooo- ooOh'S

OlO'0'0'0^ 0'0'?'?'?
,

oboocou", cotlS^H COOcicOlO Ot^rHHH
00 CO O O O O O i-H i-H i—

I

1 CO C/2 CO
CGCGCGGGCG COCO |

J_ J^
COOOCOiO Ot^HHi-H
00 00 0)0 OS O i-H i-H i-H



Osborne, Stimson'
Fiock j

Properties of Saturated Water and Steam 453

SOCN Q COoooo
1 1 1 1 1

41.

657

41.

655

41.681

41.

651

41.

691

41.644

41.

674

41.627 41.618

41.

626

cm r* t- a oj CO CO 00 O -^

0.011 -.007 -.002
.035

Q *-l O CO

SS8S
'

f f f

41.

576

41.558 41.563 41.600 41.585 41.564

41.

556

41.522

WHH^I rCt» iC-*

3 3L-M N!—i CS CO lO lO >

OOOt-I-H rtrH(N
CO CO CO CN CN CN CN CN &&

OS —I tH tJ< <N 00 "5 OO "3 CO

or^ooi^o
00 O "*« IN -<f

MHNOM
2&OCOCN IM

CO CN CO CM CM CN CM CN CN CN

rtOSlNH Ot^CN^t—
t-h cm r-i cm' eo io tj< co cn r-<

I I I I I II

OOO-* rtrtrHrH
COCOCOCN CNCNCNCN

"^OOCOO HO00*
CN 00 O Tl< rH Tl< M lO"
looiiOH r^coioooO CO *! CN Tj<CT>lOT!l

CNCOCOCN CNCNCNCM

tOHrt» 0->C*Ot~-

CO io' CN CN CO »0 ^ »0

I I I I I I I I

oSSoo 00880 SiO Q —< CN0000
1 1 1 1 1 1 1 1 1 1 1

O cp >o 00 cm^ * Tj< -Jf lO

O-HCOCCO
t^ O O CO OO
•* M< Tf Tf Tt<

lO -dH -»f t^ <0QiOOrtN
»75 id Tf< IO 1*1

"* "* * * "* •^Tf^TT'-^ Tt< Tf T}< Tt< T*

23,464 28,243 28,486 22,900

28,

472

23,264 28,537 28,725

23,

144

23,192 28,757 22,832 22,888 28,716 28,796

*IOiCOO CO O 1-1 t- CO O t)< uo CO t~-

(N^HO-<t<CN

ICIlOrtrHlO
CO CO 00 O CMNNQHOONCOOCCN

t^ i-H 00 t- 00
U0 O O *< CM
CO 000 00

CN CNCNCNCN
5 CM 00 00 CM CO

CM CM CN (M CM 8S8S8

O H O CO 10 oo^ow SOOHOOOl
I i-l

I
CO

I
,-trH r-l

"ONNOO OOlOOO^HOO
t>I -H ^H 06 00 *' 00 Tj<"

^' ^t
00)0003 O00OOO

MOH.
l^ r-< -^

+J «")HOH iin^o» ot-0000
CO CO 00 00 00

"OOCO^CO or^ooeooo

^O0CO.-ICO 000>Oi-Cr-l

CCCMCOCMCM CNCNCNCn'cN

10 CO00 ©CO 00CO
i cm' t>: cm" ohnm
> -H COCN 00 "0 CO©
ICOCO^H cooo3<-**<

ro*"o"^H
ICOCOCM CMCMCMCM

CNOKIN*
eo' co © © ©'
00 lO lO OCO
•<* i* CM 1-1 -tf

CMCMCMC^C^

SKMi-<NN CMOt^C
©' CN CN CO © CO O CD -

ll^CN CO O CM IM O0 (

I CM CM CM CM CM CM CM I

OO
1-1 O
CNCN

OOOOO Og©<
CN ?3 CMCNCN CSCNCNI

OOOOO* t r c oONNX00

800 oo<OO ©OC
I (M CM CM CM CM I

18 «. 888S8 8 8 8 88 88888 2
1 cm 00 t-t^i>t^t~- r-r^t^i>.r~ t^t^i>t^.t^ £3

t-4t-It-I,-< CO

II

28
CM CM

rf^VT ^%h%W N

OOOOO OOOOO OOOOO^ O CM O CM -*O^Tt<00 TjitODOOOOO
-tf CN CO CN CO HiOHlSlO 1-1 CM O O O

OO
1-1 o
CM CM

r- o © o © co -^ eo •* t-.M-JiCNiOW * >«< CO -^l t~-nnrtOOi © ^h r~- t>- CO

00000 © © ©' o o'OOOOO OOOOO

CM COO—1 O
1-1 CM ^ lO Tflhnoco NOOOOOiO

00 00 00 00 t^

lOCCMN NNhOOt^r-t-oo co © © -* ^
t*< Tf Tfi CM CM CM CM CO -^l Ttl

00
CM rl

CO CO 10 h-

i-H —< i-l CO

<M 1-1 >*
001K3OOO 1

0000
CM CM CM CM

OOO
cm88

CO 1-1 1—
1 10 O O O —-t

8888 S§S8
CMCMCMCM CM iH CM CM

-a

fc« r^ r- r^- co

co eo co ©*•*'*OOOCO CO CO CD Oo o o t-- t^ t> t^ t-

ooocmo 00000 00000
1-I O i—I H i-H O i—I O O i-H H t-S i-H i-< /»(

CM CM CM CM CM CM CM CN (M (M CM CM CM IM CM

IKMCON l^CMCOt^O •^tr'^t-®lT?i'Or~-^ 1OO1N00IO MOhMM
Ji-Ii-HOi-I i-IO^H^i-H 1-HCMCOOO
IoOOO QQQOO OOOOO>0000 OOOOO OOOOO

I CM CM CM (

i-HCNiQiOl^ -^i Tf CN —H O CNCMO^I
OOCOCMCOCN HrtffliOW cN Im O 1-1 '

cm" 00 *" O COOO i-H r^ 1-1

CN * Tti CN •>*

CM CM CM CM CMOOOO o OOOOO
o o —« >o USOHiom co '.

^-1 r-lCN CM(

> > >ceo > >
o o
2Z

h'^'^'e^ eh'eh'^^^
aionis00OOO OO-Hrti

CM CM CN CM0000 CM CM CN CM

rlrHrH rH CM I

> > t> >OOOO > > > >OOOO

aCCC^C^ C> C $ Ci

CO 00 CO GO CO 0C00 00 01O Oi Ck Oi <

MCNCNC^CS CNJOiCMlCNiCNi <M<NCVJ<
OiOiOlOiO^ C7iOC7>OiO> OOOSt;

^s*ss ScN-gr
CN CO -^ CO ^H
CM CM CN CM CO

fifiQQQ QQO^

>pt>£>P t>t>Pt)t3 t3ft>t3t>
(JjCOI^ 000-HCo4< »Ort«A

t— l^ t^ t^ t^



454 Bureau of Standards Journal of Research [Vol. 6

SB

g

e
e
"c*

2 I

ifOOOMM CO itfl CN> 00 CO OO CM OO CM -*

£ d ®i*

fclfiln.

a > gd

r5 S"2

as?

o o ©
ph ® aL 3 ®

5 5 pi

C3 CD »

:S£ooo ooo<
I I I I I I I I I I I I I

r^.10 CO CM 00 CO 10 10 0101'>J< 0>0)C0 01"0
-Sjo oo oo t- o oOi-Hiocnco c®n<ooi

• so * CO 00 CO •<* CO Tt< CO CO -^< -tf< CO CO CO CO

lOMONN 05 CO O © UO

CO CO CO CO CO

Co i-l CO 00 >C «*( "OM^OOOS t* lO lO CO "C*VOI^-i-U^O >0 >0 OO CM CO lO i-H CO i-H CM
"2 t~ T}( I> CD lO t^ 05 CO <*< © OiHOOSO

1

«iOOOO>« iOt^©cOco «i*H!00
"3 io cm od co co »o cm cm © oi" i-i co co os co
s;ooocoooia -^ cm © co © Tfoocoo
.OiO -tH^oo-^ 00 CO CM t*< CM 00 00 1^ CO o

• co* oo oQ oo co oq aT co* co o* cm*cm*cooo05*
•^CMCMCMCMCM CMCMCMCMCM CMCMCMCMCM

§NHiOON lOONNN »0 lO CM "0 CO

SO ' cm cm t-5 co'c^i-Ji'cn i-4 'i-5 'co
•S, I I I I '

i
S" SO CD i-i cc CO i-hcOcocDt* CM t^» CM t^ lO

S 05 05 lO © 05 lO ai o> © »o cm 05 **< © CO
OOOOOOOOOOO CO 00 00 00 © © 00 © ©0 00
«>»

I
so CM CO •* CO © OIHHNW ^H CM t^ •<*< CM

Tg CO CM lO O OS CO lO CM CO .-5 oooooodco
.© tJ( CO CD t- CO t~<M<MCOt-l t-l^OCO©

• co* oo oo od co" oo~a* co coo* cm*cm*cc*co*o6*£ CM CM CM CM CM CMCMCMCMCM CMCMCMCMCM

ICMCM CMCMNCMCM
t^ t^ t^ t- 1^ l> t>

l>-iO-«HO^ ©t«©CM© ON«ONlO-luioS'* UJOOWOO tOrHNNN©r^©cO© NONfflS NMMrtN
*
xf cocToTco'co' ©*co*co*©~oTN CMCMCMCMCM CM CM CM CM CM

bfl

m s

^ NOIOOOO -*©CMf~CO iOCO-*(iOO m
OT cm -** «* ^h r^ co © cm cd cm -*' © 00 © -tfi 4£

1 SS8°2 £88228 SSlsg g
.2, s&sf&s ££$;#§£ sssgfs "J
+» a
a ,

l
"H

OQ CO CO -# lO lO ONCOOrt CN 00 «o <*< >o OO

§ |" 'NO |" rt'NrtM 1' r-4 " |".H " CO

V I
5j O"=ti00C0CO ococooo^ t^oicococs I

II 00 N TJH CO 50 00COCOCOCN NOccwoi 00OO 0CO5t^-0000 000000005 lOCDOOOOt^ CO(MNH CNCN
INN 'T?

-a" i
^_ o
_N o(N©aiN rjic^ot^o coocoioco 22 3
3 tOCMi-ICOTfl (DOINWO »0 OO <J0 »0 * »-J
1—3 t^ocMCN»»o r^Tfoosco oocoOi-ico ro
C3 I^iOCNCC© i-l<MCOOt^ COCNOO) >
t> ........ p. » » » , __«.««
a CNIMCMCMtN IMCNCMCNCN C§ ?5 ?5 tN CM c3
C3 CB

I -
0000

a
INMOIMN (NCMCmScN CMCMC^SSt^c^ot^t^ t^t^t>r^D^ t>r-t^iSt^

CO

SOOQt
o-<*i O C

8000cooo-<n
I <MCN O r-l

00000O CD <N Tt< Tt<CNCNOrHrH CNr-I^ICOtN
I ^ji ^ji -^1 ug w

1 CO HN
O •**< Tt< CO <*< !DHNO(^s-o-3 S2SSJ

000500
(M CM 1-1 CN CM
(M (M <M CM CM IN CM C^ CM CM

ooo<
00 CO CO I

CM CM CM (

OOOOO OOOOO
COCOCOCOCO COCCCOCMCN
CMCNCNCMC" CM(N(NCMiM

iOOOi*NN COCJCCNi*tOOJOOil (N IN O 00 Ttl
iNQOrt HC5 HOIOIHM

cidosdd
CM CM CM CM CM

005000
CM CM CM CM CM

iHCOCStJIIO
CO CM CO * CO
CM CO CO i-H O
OOOOO
CM CM CM CM CM

CO -<tl ^H tj< C5 OOWiHOOOS t-» t>. CM CO COiHNNffiCO SiOiOHOO ^HCOCMci^
CM CO CO CM CM OS rn O O i-H Tf>-iCMO>0

82?m8^ SSc^SS SSg2*^
CMCMCMCMCM CMCMCMCMCM CM CM CM CM CM

-__iSB -*CMr-l05CM CMOCM-<CM
Jt^ CO CD CO CM CO ^H CO t-i 05 i-H CD O 00 CO

-lOCOCM CM05CCrtiOCO CO CM CM rH

HNiniON Tf<-^CM^H05 CMCMQt-iCM
NWtOi-iffl NCOHCOrt C5 —< CD CO CO
OOCOCMCOCM rtHffllOM CMCM05^H»0

•C005 05-H > CMOC^OSCO CO IO ffl >rf CO Qt^OOCSr-;
. t£ Jit S CM »-i OOi-lt^rt OC >-< —

I 00 CO CMt^t-T-iCM
I CM * Tfi t}3 05 CMt}<icMCM'* CM t^i rr CM CM "*! CM CM * t»i

00 00 C5 C5 05 05 C5 OS
CMCMCMCMCM CM CM CMoocsato ooiofflo 05 05 05

88 g SSSSS 88888 88888
0505 3 Oifl)3)0>0) 0505050505 050505C5C5

N00C5HO 8^^^c^ K SS283 cmScmcmco 2,

M^iflNOO OS -H

00000 000ocyoavO oocp aflpca

0600 8o5C5005 t-I^t^t^P Kt--CO00O0 OOOlOOiO



Osborne, Stimsov'
Fiock Properties of Saturated Water and Steam 455

ss§ooo ooooo coo §§
II III II

41.

345

41.

294

41.

282

41.

318

41.

302

41.284 41.287

41.

310

41.241 41.331 41.328 41.314 41.281

41.

304

41.

301

Sco-3-o1 SSS&SS 8§S§|ooooo ooooo cc5c(
II f \ \

'
\

'
'

\ \ \

'S C X C rj

CM CM CM^ CM ?5
p ;o o oo o
CM (M CM —I CM

OO O CO CM CO
CM CO CM CM CM

ifl t*i •«< if ij< -J1 <?" -^ ~V if if if TJ< if if

co cc cc i~ CO O -f _ O 00 If r~- r-INIC i~

66 oo co ^
—

CM c cm
•<s< co co

if * c ->f o a CO IG t^- >-l cm

Ci fi ?': CM 3 C$3
—

.

CM 838 383 oScmS C$88 CO
cm 3 if*o""o"'if if

CM CM CM CM CM
c* co' co"c
CM CM CM (N cm

NNCCON O if *> CM O if CM CO lO »0 co

* O CM CO if" OCClC CO" O t-J O o' o' »0 .2O C i-0 CC t~~ CO >-0 —< "O o NX — KO CCiO-Ht^COCO IN LC O C C3 O t^ t-~ CO if o
CM CM CM CM CM CM CM CM CM CM CM CM CM CM CM +i

a
i—

i

"

lO>ooceio ksho^ ojnocoio g
II I I I I

'
I 3

II

E
s

O>-<t-~-00-H NOOtliON C O t^ i-lt--
||

"ONONN ONCWN OCM't^CMt^ 25O 00 O J> 00 ON00C1N LCJ o t> 00 t- j^J £§

1 I-^CO

O "t i

t^ !-HoooOCt^cOTf"* t^ — COO lo -.c o -* Oo x ;;: c o t? x c: c - ^ — -ccxO O C CO CM -h -^ X if X X t^ C CM CO

CM CM CM CM 3 3 CM 3 CM S3 CM Cm" CM 3 3

CMCMCMCMCM CM CM CM C CM CMCMCMCMCM
r^r--t^t^i>. i>-t^t^ci>. r- i>- 1-~ t-~ t-

328g°: ccooo
CC X O CM DC
CM CCMCOO

ooooi
5£ S £ ** :c cm c -i <

OJXOC1H UC W O ^N CC X if CM 00
IN N lo C O CM

-

CM if r-.' CM o' pH TfCri ONCNCX C^^iCM <C r-i CM CO iO "2t^^iCMCrf if lO X CM CM rnOINOOO 3
tH o cc: c*^ o t*i o oa ^*xlf o"co~if"o~o'' #^»
CMCMCMCMCM CMCMCMCMCM CM CM CM CM CO

c

NMIOCin ON^r-IO NTfoOTtiO CM

1

i i
'

i i i i
'

i ' 2

e

Ct^b-OOiO ONOON NfflOiOUJ
J?icooo'o liot^oio'o c4o6idco ooX X X X t~- 0CONK00 *C iO X t> t~- >C if

CM CM

8
.

. "o
C T« C t^ ^H HNKiioO CMlQOi-100 23JCNcc as oo o cc co CNmO'f raX CO if X O N*CCTt< i—mcoot^ p5COhX1< CO if t~ —l ,-( rHOOrtt^OS >
*-r c: cr. cc o ic'crf o""if~if' o"co"if"o""o~ Q
CM CM CM CM CM CMCMCMCMCM CMCMCMCMCM 5

i
SSg|§ SS8S§ g§S§§

i

. 1
OOOOO QOOOC OOOOO 4Jc •*? •*? •& x OOOGOO-* cm ^ p oo co aNhhho INMONH OhSoO lS

t^ i-H

'CMCMOOCO CM COCM-^CM i-iCMCMt

OOOSio OOOOO OOOCci
C^C^CMCmS CMCMCMCMCM CMCMCMCMCM

CMCM>-(00CO CMCOCM- OS CM CO OS O
N

s; Jo ooooo ooooo ooooo "o^
CMCM ".C C lc w lO LC C C IC O i)- UJ C » UJ CM-
i-V CMCMCMCMCM CMCMCMCMCM CMCM CM CI CM T";

II

CM CM

^ —i r- oc tor-oo^O
^CMtC oco
cccoo cccoo oooooCOCOCOCMCO COC0C0COCO COC0C0CMCM
CMCMCMCMCM CM^CMCMCM CMCMCMCMCM

CM CM CM O >£ O r* 00 CM lO p lO CO ^ t^
r-C^t-i-OC NCCNt M-hOm
rtCMCMOOCO CMCOCM^tlCM i-<C<)CMOO
ooc'o'o ooooo oooo'o
^C^^Sc^ CM

5

CM* CM* CM
1

CM* C^ S S " S

-i N l-C LO N >#t-<CM-^S5 CMCMO-HCMn SO -C< S3 CMCO-HCO-H o~ £ xco
CM CM O — i-O0CCOCMCOCM HH<

CM 00 tC O CO

CM rf 5> CM T!<
00 —i — O0 I

CM **! * CM <

rHINlOWN)WN Tf-^CM — O CMCMO--<CM
NCC!0»-IC0 CM CO i-l CO <-< ffirtCOOCO
COCOCMCOCM rtH(Ou5rt CM CM O ^h O
cm' oo" >*" O co' CC1LCO OMJ0C1H

'^1-100 00 CMt^t^-HCM
I TJ< i*l CM CM rH CM CM ^ itl

X X
CM CM Ioooo ooooo

o o o p o-1 CM CM CM CMOOOO
£22283 ScM^^ CMCOCM

5

?;

ciddcio d d d _• ^ ^_;^^_;o«ooo ®ooCC CCSCfl
GQOeS GCG^ ^^4f^4?

xxxxx xx^xx y,xxxx
I I I II Mill

t^ t^ t^ t^- r-- f^t^ooococ
MillO p -* CO lO

00 o o o o

SSc^SS SSSp 33333OCiOSdCi OSCiOSCSOl C^C^C^CiCl

fe £2233 ££3^ SI

©©©©© ©ajojpfl

^^><^>H ^^>->-> ^>.^_>,JHmu llm urn
t^t^ t^t^t— t^r^coooco ccooo o



456 Bureau of Standards Journal of Research [Vol.

N

QP

g

Si

O rj ffl M•M Pi SH^

fc A 2 asO"

P) > 5,1=1

2 >>n

05 03

o o

^05Sg

a a;
sa^

3*

W O «5 N S NHf)U5^ oo r— a> o...COCNOOrH IONHHO CO 1— lO rHSlooooo ooooo oooo
11° • '

'

I I

COOCNCN-hh r- a> CO -cK CNrw rt rl rl rt OO-HrHrH COO CO rH
f-4 CN O i-H

HOiOiOM
I«301CN
HO 00 CN b- -00 O >C lO OHNi

oo t* r- co >o iCO^t< HHfflH
~-r)T-rtTcrNNCO

; t-- OS r-! 00 CD tOUJONM
I
CN l" CO r-i rH t-I CN ' " l"

;l '
I I I II '

S CO 00 CO rt< O 00CD0000IM O5CN00Tt<

!0010»*0 O co rH O CO NOO00
o id id id id i>: rfi -^i ido o uo Tt* "*! toaon
Tti-^iOOCO O O lO i-H

^"ororco-^p" ©"^jr-Hro"
CNCNCNCNCN COCNCNCO

4§ CN CN CN CN CN CN CN CN CN CN CN CN CN CN

coOOOOO ooooo
CO O CO CO 00
CN CN CN CN O

>ooo
) CN CO <*<

ireiOH

NCSOlCOiO COHMNH
OOCOCNCNCO CO Tf< CO l^ 00

. CN rH rH -rj-l CN CN CN vH O rH O CN

CNOCOOO
co r? 00 g

ooo<
CO CO CO <

CN CN CN <

ooooo
CO CC cc r-0 O
CNCNCNCNCN

'OOOOO ooooo 0000-lOlOlOiC Tt< lO lO lO
CN CN CN CNCNCNCNCNCN CNCNCNCNCN

•* th cn t-h as

ON00'
CNI^f~(
tHCNCN •

88888 88888 SSSS05050050 ooooo o^ o^> o^ Oi

QQQQQ QQQ^^

concert AA^W J><i~^t-r-r~t-i- r— r- 00 00 00 00 as as as

Sol

•* CO >o CO CO COb-CO^ oocoo<
88338 SSSS 388;

'

I* \ \ \
' ' f

CO lO CO CO

SScSS

CNCNCOOt-- t~- CO OS CO CN Q I

«3 op co as go co-hhcooo :ooo>rtOOHlOO OS -H 00 00 CO lO •

CNCOCNCN • COCNCNCO

OJNOO* COrHt-O «OOH Li

cn id ai oo' as cn" co id a> cn o" cn co ft00 l~- "# lO CO OtONiJl NOOlO
COOOrPCOOO OS t- CN 00 NNOH eg

idofocooT TjrorTjr-^r o^^cT T3CNCNCOCNCN CN CN CN CN COCNCNCO g

CNOSrH-sflCO OSCOOOO rHiaio-<* ,3
«5<ohh co'cn'cn" "co 'i-i 00

I I I I 3

8
II

CO lO
CNCN

OOOTUCSt t-lOt-rH OOOOOSO

OfflfflOOJ CN OS <

rH 00 lO "O -<*l NOOH cot- CO I—

25,

288

29,

790

30,

357

23,552 29,748

24.

773

29,

673

24,

121

24,

770

30,

650

24,

217

23,

927

30,

080

+J ooooo oooo oooo
S 33S£co SocSlS ?Soo

' lO CN t« <

coco 3* <

1 r-4 CN O (

OOOOO
r-- r— r- r- t--
CNCNCNCNCN

tHCN «« 00^(NiOiCOHOO)
OOOOS
t- r- t~ co
CNCNCNCN

CO ^ t- 00 co.~<
itPCN CNCNO.
ioo oooo
I CO CO CO CO CO CO
ICNCN CN CNCSCN

CN O CO 00

1

rtNOlOS Tf Tt< r-( a> CN CN O CNNMCOrHtD CN CO CO rH O rH CO CO
OCCOCNCOCN r.HiOM CN CN OJ »C

cnoo^ojco od«didcd o'l^odrnO O ^H I^ -H 00 r^ 00 00 CN t- t- CN
CN -rji TH CN * CN tH CN CN Tl< CN CN Tf

00 00 O C75 OlfflOlO)
CN CN CN CN CN CN CN (N
G> Oi O O* G) O) Oi OS

NOOOSOH
rHrHrHCNCN

OOOOO
05 05 05 05 CD

AQQQA

8cV

Qfi^

m^iocON ooa>coTf< cftOrHio

IIOO
r-. co
CN CN

CN CN CN CO O,

.... a
a a a c ®



Osborne, atimson
Ftock Properties of Saturated Water and Steam 457

i-
1

NNOM »CON* COOOOl
<

©' co 06 * •* ©cm od cd n m oo 6 «>
^r cm ro x IHOD'

: IO IO IO >-< CO N IO »^ HCMCH CM CO 00 O
I © t}<° id 00 «C T»< ori cm" CM id •* CO ©' M»00>
I CM N CO 55 © © iO lO N I- I - I - CM © •«*< <-( Tf<
iffiCiO) O) 'C lO C O CCOOM •* CM © CM

>?g^;^S2 SaS3&:S5 S22 nw rococo i-t~- nnt<<-*<3< t»<nocco
> K8S2 "SSRS SSg^S 82222 SS88S S2SS

g ® £ >
> S-3 co

°£§°§ § 8 §! s §1§I1 §§§§§ §§§§§ §!§§8 s

:SSS

©©©©© ©iicici ii©©© o©©©© ©©©©© ©©©ii <±©i<
1—1 * N T*l N N CO O O »C O <

£§3

•S^^Ohh «C N CM Tf< CO CO ^* N N CO N © i-H © -< UJUlt-iaO CO CM i-< CO CM CO i-h CO CM

^ CO CO CO CO -* Oi ;-< N CN CO to CO Oi CM © ^CTtiLOCB oiOMrt'd co © cm* cd co OO* id N* CM
-

5! 00 CM N 00 «3 ^h CO © © 00 C O rt M M N rt i,T t- O 1 i i/i h a) * t- to * Jo C 1^ N *O O IN C * CM Ot^CMO C Wriif N © * i-i N iO "O 00 © 00 © * IO 00 © >-i OOOtiO
. ooN'id'N'N" ncm"cxToon" 10*5000 co ie> ©"©"©"©"cm" CNofcoicio" cc*c6"cm*i-"o6~ idtc*N"Ng©©©©© oowgo^o ^ooqooj 22288 £2222 22S?3S 8S88

«!DO)MO!0> © lO i-l 00 CO ©OOWN MSNOO Ot^-«t<t-t^ O CO iO Tf © © 00 CM •<*<

g ci to id to id •* »d cm © n id «* ai o "*< id cd oo n id ©' 06 n ai id id cd cd cm' id n © cm cd^ MtH ^ rtlHr^,H 8St-«,H,H -.rH^S
I I ,

.»i N © © © © O ti CO CO 00 N © CM iO N "* CM 00 CM to OCOCMiO© NO00OH N©©0
§ id to cm to * cd cm oo id cm' d * u; oi * -*' to ©' oi cm" *' ©' cd -h oi n° cm cm cd n cd cd >d ©°©OOi-i©lO NNOON COtCCOt^t^ CM © Tf »cf r-H C! CO W CO "O N 00 Oi © iO CO -<f O --<

^CM rtNilH rH CM iO IO CM i-l •«*< IO Tt< * IO lO IO IO IO I0t30l0>0 lOiOU3lOi)l lOCOOlt"

a>>
a bo

§ <3

r^lONCMCM
: oo ©' id "i •<*

N00 lO CO lO NiOlOO)*
ai t)< id cm ©

©*© iO©lON-<f I ©00©CM OOOIHO

N ifi © to 00

ncm'oo'ncd"
oo io go oo©

co © © © oo co © -* <—
i © ion

IO 00 IO CM © © CM IO CM i-H CO © CM © to IC iO (

CMCMCMCM HHi

£-1 <SJ3

©©©©© oo©©©© 00 00 CM O 00 -tti © to 00COOHrtH CO©CON00
HiHto'toN T-"io"«d"id'id"

©©©©© ©©oo© ©ooo© p©o©
CM CM <N CM CM GO Tf< © CM © CO © tc © CM CM 00 © ©
TJIOOOO'HH r-< © © i-H O O © © © CO CM 00 CM i-H

tcoioccto to io to © to totototot> 00iO©>O

+j co to "

^•^ CO
°

15© ©©©©« tO 00 --O !C CO
g t>- 00 t^ © io

g CM CM" CM" CO* CM

©o©©©
Tti CM Tt< © CN
C35 IV © r-l rH

CM CO 00 00 CO

i-ir-cocoo!

to to i> to" to" t^r-tt-t^oo oooooioot- t^cooooooo co © <-< «b

£E

HNOOO
~J© CO IO © ©

rH©©t^l
CO ©© K i

OWN'*!
IOCO CO 00 lO
IO IO i-H CM CM,

t^ T-H NN CO

l©CJ5CON (MCOCOOO© OOlONtpi©rH©00 -rfTTilOCpiO CCiOrt*
IrtCOQON ©©CO©-* COOOOOlO

82g§S ^88!
rH HHH CMr^rtCM

HE

t-©r-l©(M© «o * * 00CMiOO©©
o © ion co
to CO •* i-i CM
IO N-* 0000 NiOi ICON ©ION

N CO t-h © 00 Tf
CM CM Oi ?- .

- .-

1

© IO © © Oi h

* N CO I

o© ©c
©2J©©

COCOCOCOCO * Tt< "* -* rH jH rH CO tH rH
COCOCOCOCO lO io lO lO © ©QiO«OCO
00 00 OO 00 00 ©©©O© ©O©©©

bcd cd cd CO
rva i-a rv> ro ^^

CMCNJ

© CO © CO CO CO CI CM lO
rtiHrtCCOO OOCOCO©!

IO CM I

• © © © ;

Tj< * © © CO CO CO CO CMl-;iohho ©COiO©OOHhS ©CONGO

N r-l 00 H
Vji rf CO-*I CM Tf rf ttl

N N 1

CM CM <© © c

33:

%% iuiioi

i CM CM CM
) © © ©

1 ana
CP CO o>

CM CM CM CM CM CM (

Oi © © © © © <

i CM CM CM CM CM CM© © © © ^<§\

!c° C^CM-CM^ 2^'

iOCOl? j2-fefei

IO to © © ©



458 Bureau of Standards Journal of Research [Vou 5

The entire energy added, Q, is the sum of the total electric energy,

pump energy, and heat leak. This entire energy actually added is

adjusted to the value it would have had for the even-temperature
interval, which was approximated, giving the values of Qh

2
- The

calculation of am , the mean value of a for an entire group of experi-

ments follows next. This is a least-square calculation, using the
formula W =MaV + Z\

This reduction, using the entire group of values of M and QL2 for a
single temperature interval, yields the mean value am and Z]i

2
. 'Using

this value of Z] x

2
, which is a constant for the calorimeter as used, the

individual values of a] x

2 for each experiment are next computed and
compared with the mean for the group.

In the last section of Table 3 the principal data are assembled from
those a experiments which were carried out in intervals of more than
10° C. A considerable number of these, particularly between 0°

and 100° were made in 100° nonstop experiments which serve as

control experiments, adding greater certainty to the values at 100°

and 200° C. than the experiments in shorter installments alone give.

In order best to utilize the whole aggregate of a experiments, the
results are assembled in Table 4 for the purpose of computing the
values of the change in a from to 100, from 100 to 200, and from
200 to 270 from the entire series of energy measurements. With
very few exceptions the energy account for each of these three large

intervals was kept continuously, the stops at the intermediate 10°

points for observing temperatures being made for the purpose of

independently establishing these intermediate values of a, but with-
out interruption of the heat-leak and pump-energy control.
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i270The independent determinations of ajV, a]ioo, and a]2oo are com-
puted in Table 4 after summing up the total energy added in each
entire expeiiment. The calculations for am and Z are made for

these groups of data by least-square reduction, in the same manner
as for the 10° groups in Table 3. The value for each individual ex-

periment is then calculated and the deviations from the mean found.
The next step in Table 5 in the reduction is the adjustment of the

10° values of a, taking into account the results of the last calculation
of the change in a between the temperatures of 0°, 100°, 200°, and
270° C. This adjustment consists in distributing the discrepancy
between the 10° steps and the 100° or 70° steps proportionately, so

as to make the adjusted values of the 10° steps add up to the same
value as the overall. Having so adjusted the intermediate values,

they are next summed up, giving as the result of this entire group of a
u

experiments the table of values of H—L
ni,_ ai

at each multiple of 10°

reckoned from 0° C.
W

Table 5.

—

Adjustment of values of H—L ,_
reckoned from 0° C.

and assembly of final values

Temperature interval (°C.)
Mean value

Of«]j

Adjusted
value of

i2

Final ad-
justed
value of

«]

Temper-
ature

0-10
Joulesjg

41. 984
41. 802
41. 708
41.704
41. 693
41. 683
41. 683
41. 685
41. 666
41. 690

Joulesjg
41. 989
41. 808
41. 714
41. 709
41.704
41. 688
41. 689
41. 690
41. 671
41. 695

Joulesjg

41. 989
83. 797

125. 511
167. 220
208. 924
250. 612
292. 301
333. 991
375. 662

°C.

10-20--
10

20-30 20

30-40 .-
30

40-50 ..
40

50-60 50

60-70 60

70-80 70

80-90 80

90-100-.
90

Total 417. 303 417. 357 417. 357 100

0-100 417. 357

100-110 ... 41. 678
41. 684
41. 677
41. 700
41. 713
41. 703
41.712
41. 701
41. 658
41. 651

41. 678
41. 683
41. 676
41.700
41. 712
41. 702
41. 712
41. 701
41. 658
41. 651

459. 04
500. 72
542.39
584. 09
625. 81
667. 51

709. 22
750.92
792.58

110-120
110

120-130
120

130-140
130

140-i50
140

150-160
150

160-170
160

170-180
170

180-190
180

190-200
190

Total.- 416. 877 416. 873 834. 23 200

100-200 416. 873

200-210 .-. 41. 503
41.391
41. 338
41. 302
41. 242
41. 127

41. 062

41. 519
41. 407
41. 354
41.318
41.258
41. 143

41.078

875. 75
917. 16
958. 51
999. 83

1, 041. 09
1, 082. 23

210-220--.
210

220-230
220

230-240
230

240-250,
240

250-260
250

260-270
260

Total 2S8. 966 289. 077 1,123.31 270

200-270 . 289. 077
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No adjustment for smoothing the trend of values has, up to this

point, been introduced into the reduction. This will be undertaken
under the head of formulation, to be described later.

2. GAMMA EXPERIMENTS

An example of the record of a single determination of 7, equal to

L , _ > is given in Table 6. The total time of the experiment in

this case is the time between the automatic shifting of the flow of

vapor from the spill to the receiver, and the shifting to the next
receiver, and applies to the electric heating, the pump energy, and
the heat leak. The temperature readings are so distributed as to

give the initial and final temperatures at these instants of starting

and stopping the experiment. The readings of the thermometer with
leads in the n position and of the thermoelements 1 to 5 were taken at
1 -minute intervals during the experiment. These readings serve to

determine the vraiation of temperature of the calorimeter during the
experiment.

u r

Table 6.

—

Data sheet—determination of L—
Experiment No.

Observers

273-A. November 16, 1929, at 270° C.

N. S. 0., E. F. F., D. C. G.

Time

Thermometers.
Bridge readings

Thermoelements Electric power

2n 2r t. e. 1-5 Regulating 1 / E

1.32.00

Ohms Ohms fiV liV Amperes Volts

1 32 30 51. 8960
51. 8959
51. 8959

9.7
7.8
6.0

1 32 40
1.32 50

1.33.00 (-3) Start.

1 33 10 51. 9027
51. 9028
51. 9027

4.0
3.6
3.8
5

8

10

10

7
9
12

9
13

13
9

11

13

6
6
8
7

8
10

10
11

7
6.8
6.4
6.9

1.33 20
1.33.30

1.34.00 - - 51. 8960
51. 8958

51. 8964
51. 8966
51. 8965
51. 8964
51. 8964

51. 8965
51. 8964
51. 8971
51. 8970
51. 8958

51. 8957
51. 8958
51. 8956
51. 8956
51. 8958

51. 8957
51. 89.1.0

51. 8956
51. 8951

51.1 351

51. 8954
51. 8957
51.89o8

-2
(-D

1
-1

(-2)

(1)

(-D
(2)-

21. 999

1.35.00

1.36.00

2. 1549

21. 997

1.37.00 2. 1547

1.38.00 21. 996

1 39 00 2. 1547

1.40.00 21. 996

1.41.00 2. 1547

1.42 00 21. 995

1 43 00 (2)

(-D
(1)

(2)
-4

(-2)
(-D
(-2)

(-D
(0)

1

(1)

(-2)

2. 1546

1.44.00 21. 995

1 45 00 2. 1545

1.46.00 21. 993

1.47.00 2. 1544

1.48.00
1 49 00

21. 992
2. 1543

1.50.00 21.991

1.51.00 2.1542

1.52.00
1 53 00

21. 990
2. 1541

1.54 00 21. 989

1.55 00 2. 1541

1.55.30

1.55.40

1.55.50

1 56 00 (-2) Stop.

1.55.10 --

1.55.20

1.55.30

51. 9028
51. 9028
51. 9030

8.7
9.2
9.8

1 Values in parentheses calculated from indications of t. e. 1-5.

Total heat-leak factor=— 14 mv-min. Total time of experiment and electric heating= 1,380 seconds
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A reduction, showing the calculation of 7, is given in Table 7. This
reduction makes use of the formula:

71-a?(«.

a Tir

Qm )

in which QE , QP , and QL denote the amounts of energy added electri-

cally, by the pump, and by heat leak, respectively. The term
[Z+M2a]

2
i expresses the energy correction for the difference of the

final temperature of the calorimeter and its contents from the initial.

The last term expresses the energy correction for variation in the
temperature of steam withdrawn. This correction was found to be
in every case less than 0.00001 of the whole, and has been omitted
from the final calculation of 7.

Table 7.

—

Commutation-determination of L—j^—

EXPERMINENT No. 273-A

Temperature Initial Final

(n+r)/2 on bridge
Bridge correction

He
Re-Ro
100 (Re-Ro)KRioo-Ro)
0.010(0.019-1)5
Reference block temperature
Mean t. e. 1-5 (microvolts) —
Mean t. e. 1-5 (degrees)
Temperature of calorimeter.

51. 89933
. 01168

51. 91101

26. 30321

263. 2320

6. 7999
270. 0319
5.82
-. 0189

270. 0130

51. 89925
. 01168

51. 91093

26. 30313

263. 2313

6. 7998
270. 0311

7.97
-. 0259

270. 0052

CALCULATION OF ENERGY

Potentiometer Current Voltage

2. 15447
. 00020

-.00011
-. 00066

21. 9939
.0020

Correction for standard 0.01 ohm .0073

Voltage—E 22 0032
Current=Z _ _ _ 2. 15390

Time of experiment=t= 1,380 seconds.
Total electric energy=IEt 65, 401. 9 joules.

Pump power= 0.0477 watts.
Pump energy 65. 8 joules.

Total heat-leak factor=—14 microvolt-minutes.
Heat-leak coefficient= 0.156 joule/microvolt-minute.
Heat leak —2. 2 joules.

Change in calorimeter temperature= —0.0068°
Factor for calorimeter temperature change= 2,636 joules/degree.
Energy for calorimeter temperature change.- 17. 9 joules.

Total energy for evaporation 65, 483. 4 joules.

Mass withdrawn= 39.364 g.

L-¥—
t

at 270.0130° 1, 663. 54 joules/g.

The principal data from the gamma experiments are assembled in

Table 8 and the computation of 7 completed for the entire series.
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3. BETA EXPERIMENTS

An example of the record of a single determination of /3, equal to

is given in Table 9. This is similar to the record for a gamma
u — u

experiment, but differs from it in that the total time of the experi-

ment over which the energy account is kept is longer than the time of

electric heating and removal of liquid.

Table 9.

—

Data sheet—determination of L —,
* u' —u

Experiment No. 207-C, February 21, 1929, at 240° C.

Observers: N. S. O., H. F. S., E. F. F.

Time

Thermometers-
Bridge readings

Thermoelements Electric power

2n 2r t. e. 1-5 Regulating 1 I E

2.28.00. . -.-
Ohms
49. 0813
49.0814
49. 0815

Ohms nv.

6.1
6.1

6.2

»v. Amperes Volts

2. 28.10 .

2.28.20 -.

2.28.30 (1)

2.28.40 49. 0878
49. 0880

49. 0879

6.1

6.2

6.0
7

8

5

5

6

6

4
5

2.2
2.0
2.1

2.28.50

- .

2.29.00 On.
2.29.30 49. 0814 (1)

(2)

(0)

1

(0)

(0)

(-1)
(0)

2.30.00 49. 0877 0. 97450
2.30.30 . - 49. 0811

2.31.00 49. 0873 9. 9160
2.31.30

2.32.00 - 49. 0871 . 97450
2.32.30 . 49. 0807
2.33.00 . 49. 0870 Off 9.9164
2.33.30 49. 0806

49. 0805
49. 0806

2.33.40

2.33.50

2.34.00 (-2)
2.34.10 49. 0870

49. 0871
49. 0870

2.0
2.1
1.9

2.34.20

2.34.30

i Values in parentheses calculated from indications of t. e. 1-5.

Total heat-leak factor=+3 microvolt-minutes.
Total time of experiment, 2.28.30 to 2.34.00=330 seconds.
Total time of electric heating 2.29.00 to 2.33.00=240 seconds.

Table 10 shows the calculation of j8.

of the following formula:
This calculation makes use

0i =^ (Qe+Qp+Ql~[Z+M2a]\)
AH
A0 (A
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Table 10.

—

Computation—determination of L , _

EXPERIMENT NO. 207-C

Temperature Initial Final

(n+r)/2 on bridge

Bridge correction

Re
Re-Ro
100 (Re-Ro)/(Rm-Ra)

0.010 (0.010-1)*

Reference block temperature

Mean t. e. 1-5 (microvolts) _.

Meant t. e. 1-5 (degrees)

Temperature of calorimeter.

.

49. 08465 49. 08380

. 009G9 . 00969

49. 09434 49. 09349

23.* 654 23. 48569

235. 0439 235. 0354

4. 9774 4. 9768

240. 0123 240. 0122

6.12 2.05

.0203 .0068

240. 0010 240. 0054

CALCULATION OF ENERGY

Potentiometer Current Voltage

0. 97452
.00002

-. 00005
-. 00030

9. 9162
.0002
.0033

Voltage—E 9 9197
0. 97419

Time of electric heating=240 seconds.
Total electric energy=IEt
Total time of experiment= 330 seconds.
Pump power=0.0748 watts.
Pump energy
Total heat-leak factor=+3 microvolt-minutes.
Heat-leak coefficient =0.142 joules/microvolt-minute.
Heat leak
Change in calorimeter temperature+0.004i°.
Factor for calorimeter temperature change=2,949 joules/degree.
Energy for calorimeter temperature change

Total energy supplied
Mass withdrawn =62. 722 g.

Energy per gram
Mean bridge reading during experiment =48. 08421.
Mean reference block temperature during experiment =240.0169°
Mean t. e. 1-5 during experiment = 5.78 microvolts=0.0192°. ..

Mean calorimeter temperature during experiment =239. 9977°.
Heat content at initial minus heat content at mean (Hi—

H

m)..

2, 319. 3 joules.

24. 7 joules.

. 4 joules.

11. 8 joules.

2, 332. joules.

37. 190 joules/g.

0. 016 joules/g.

at 240.0010° 37. 206 joules/g.

The principal data from the beta experiments are assembled in

Table 11 and the computation of /3 completed for the entire series.
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VII. FORMULATION

1. FORMULATION OF CALORIMETRIC DATA

In what has gone before we have the record of the experiments
and reduction of the data yielding the values of the three character-
istic properties of the fluid, namely:

H—L— * L-, » and L—Tu —u u —u u —u

denoted by the symbols a, 7, and /3, respectively. As a first step in

the formulation of the more familiar and more useful thermal proper-
ties of steam for engineering purposes, the experimental results are

assembled, the values smoothed by means of empirical equations, and
the blank spaces filled in by interpolation or by extension, using
other experimental data where necessary. This assembly and formu-
lation is given in Table 12. The empirical equations used are also

given there. It has not yet been found possible to obtain empirical
equations of a simpler form to represent the experimental results

to an accuracy warranted by the experimental precision. There is

a possibility that a simple formula for expressing the thermal behavior
of steam may eventually be discovered. Such a formula would be
extremely useful, particularly so if of a form well adapted to thermo-
dynamic calculations and if in agreement with physical facts. In the
meanwhile, equations lacking this ideal simplicity of form may be
tolerated in the operations of obtaining numerical tabulations of

thermal properties which result from experiment. In the present
instance fidelity to observation has not been sacrificed to superficial

simplicity.
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Two formulas have been used for a, one of which fits the results

in the range from 0° to 170° C. and the other in the range from 170°

to 270° C. The formula for fits the results in the range from 100°

to 270° C. The values of in the range from 0° to 100° C, have
been computed from previously published vapor-pressure and liquid-

density data.

The experimental values of L have been obtained from the observed
values of y and the smoothed or calculated values of /3, using the

relation. L = y— (3. The empirical formula for L fits the experimental
results to better than 1 part in 2,300. The form of this equation has
been chosen in accordance with the usually accepted belief that at

the critical temperature (374° C.) the heat of vaporization becomes
and approaches this value at a negative infinite rate, and that no

real values exist at higher temperatures. Below 100° C. the values
given by the equation are in accord with results of other observers.

The calculated values of y are now obtained from the calculated

values of L and 0, completing the formulation of the properties

measured calorimetrically.

2. DERIVATION OF HEAT CONTENT AND ENTROPY FROM CALORI-
METRIC DATA

It is now possible to complete the formulation of heat content and
entropy, using the smoothed and extended values of the calorimetric

data. The results of these derivations are given in Table 13. The
values of heat content of saturated liquid water, H, given in column

2, are obtained as the sums of the values of a and of /3 > calculated,

in Table 12. The values of heat content of saturated vapor H' are

equal to H+L. The calculation of entropy of the saturated liquid

has been made using each of the two formulas:

Cade H [da I
J e2 + e J e

+
e

together with the two empirical equations for a, suited to the two
ranges of temperature. Thus, a check was obtained on the accuracy
of the computations. These are rather laborious, owing to the com-
plicated form of the a equations. The values of entropy, heat con-
tent, a, and /3 are mutually consistent. The values of entropy of the
saturated vapor obtained by adding Z/0 to $, which makes these
values consistent with the values of L.
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Table 13.

—

Thermal properties of saturated water and steam derived from calori-

metric measurements
Bureau of Standards, February, 1930

Heat con-
tent of

liquid, II

Latent
heat, L

Heat con-
tent of

vapor, // '

Entropy—

Temperature, ° C.
Of liquid Of vapor

Int.

Joules/g

42.02
83.83

Int.

Joules/g
2, 494. 02
2, 472. 26
2,450.17
2, 427. 73

2, 404. 90
2, 381. 64

2, 357. 91

2, 333. 65

2, 308. 82

2, 283. 38

2, 257. 24

2, 230. 35

2, 202. 65

2, 174. 04

2, 144. 44
2,113.76

2, 081. 89

2, 048. 72
2. 014. 10
1. 977. 89

1, 939. 93

1, 900. 00
1, 857. 89

1, 813. 33

1, 766. 02

1, 715. 59

1, 661. 60
1, G03. 51

Int.

Joules/g
2, 494. 02
2, 514. 28

2, 534. 00
2, 553. 32

2, 572. 24

2, 590. 75

2, 608. 81

2, 626. 40
2, 643. 48
2, 660. 03

2, 675. 99

2, 691. 32

2, 706. 01

2, 719. 97

2, 733. 15

2, 745. 51

2, 756. 95
2, 767. 38

2, 776. 82
2, 785. 04

2, 791. 95
2, 797. 35

2, 801. 13

2, 803. 08

2, 802. 99

2, 800. 56

2, 795. 47

2, 787. 83

Int.

Joules/q° C.

.1511

.2962

.4363

.5719

.7032

.8305

.9543
1. 0746
1. 1918
1.3064

1. 4177
1. 5268
1. 6335
1. 7381
1. 8407

1. 9416
2. 0406
2.1384
2. 2348

2. 3299
2. 4239
2. 5169
2. 6091

2.7007
2. 7919
2. 8828
2. 9746

Int.

Joules/g°C.
9 132

10-. 8,884
8 65620-.

30 125. 59 8 446
40 167. 34

209.11

250. 90
292. 75
334. 66
376. 65
418. 75

460. 97
503. 36
545. 93
588.71
631. 75

675. 06
718. 66
762. 72
807. 15

852. 02
897. 35
943.24
989. 75

1, 036. 97

1, 084. 97

1, 133. 87

1, 184. 32

50 8 074

60 7 909
70 7 756
80 . - 7 613
90 -. 7 480
100 7.356

110 7 240
120-. 7 130
130 - : 7 027
140
150 - . - -

6.929
6 837

160 6.749
170
180. .

6.664
6 584

190 6.506

200 6.430
210 6.357
220-

-

6.285
230- --- 6.213

240 6.143
250 6.072
260 6.000
270- 5.927

3. DISCUSSION OF ACCURACY

To the user of experimental data consisting of numerical values of

physical quantities, it is important to know how trustworthy the

figures are. In compiling a table of the properties of steam, over a
large range of conditions, from various experimental sources, the

choice of the most truthful figures to take as the basis for formulation
must be based on a consideration of accuracy of the experimental
results.

It is not a simple problem to make an estimate of the accuracy of

steam data based on calorimetric measurements, because so many
factors enter, each of which contains an element of uncertainty.

The experimenter is probably best acquainted with the facts which
should be considered in arriving at such an appraisal. Taken
together with the evidence included in a description of the work, and
making due allowance for possible bias, an experimenter's* own
judgment as to accuracy may prove useful to the critical reader.

By careful study of all the factors which enter into the measure-
ments, a figure can be assigned to each which represents an estimate

of the magnitude of the outstanding systematic error which remains
in each factor after all known corrections for standards and calibra-

tions have been applied. Since the signs of these various outstanding
sources of systematic error are unknown, they may be considered as

combining fortuitously in the final result.
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In addition to these, a figure can be deduced for each of the quan-
tities measured calorimetrically, from the differences actually ex-

hibited by individual results, which denotes an estimate of the
magnitude of the error of each final result resulting from accidental
errors in making the measurements.
Having made these preliminary estimates, it is possible, with the

aid of the theory of probability, to combine them and finally obtain
a figure which represents an estimate of the limit of variability

within which it can be expected the true value lies with any certain

degree of likelihood.

Such an analysis has been made of the results of the present
investigation, by consideration of every source of error, both syste-

matic and accidental, which seems to have a significant effect. A
final estimate has thus been obtained for each of the three thermal
properties, H, L, and H'. In each case limits have been estimated
such that there is only 1 chance in 100 that the true value lies outside
these limits. This is a purely arbitrary way of expressing an index
of the accuracy of the results. Such an estimate admits the 1 chance
in 100 of the error being greater than the index, and also admits a
chance that some important source of systematic error has been
overlooked or underestimated.
On this basis it is estimated that there is only 1 chance in 100 that

the values given for H differ from the truth by as much as 1 part in

2,000. It is estimated to be equally unlikely that the values given
for L and TV are as much as 1.5 joules per gram from the truth in the
range of the exDeriments from 100° to 270° C.
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